








Introduction

For the first twenty years of the Society the programme reflected the long-term interest in static,
low temperature properties, strength, resistance to fracture and corrosion. There were lectures on
corrosion very early in the programme, possibly associated with the small corrosion laboratory, the
Iron and Steel Institute supported close to the University until the end of the second world war.
(Alan Cottrell’s future wife was employed there). High temperature and dynamic properties did not
feature in the programme until over twenty years had passed. The first mention of creep was in the
first paper reproduced here, and, as he reviewed the applications for heat resisting materials, T.
Henry  Turner  shows clearly  why it  took so long to  get  round to  the  topic.  It  was  the  rise  of
mechanised transport. The internal combustion engine, used in both cars and light aircraft created
the demand. Furthermore, with the development of alloys that could survive at high temperatures
there were new options for the construction of those high temperature applications, melting and heat
treatment, which had previously relied on ceramics.

Reciprocating engines, but even more critically, airframes, had to withstand load fluctuations and
the study of fatigue came to the fore.

T. Henry Turner was, as N.P Allen says in his first Editorial after taking over from him as Editor of
the Journal in April 1930, more than usually associated with the Society. Allen states that T. Henry’s
father, Thomas Turner ‘may without exaggeration be called the father of scientific metallurgy in this
region.’ The occasion of Norman Allen taking on the editorship was that his predecessor had left the
University, where he had been a lecturer for eight years, to take a position as Chief Chemist and
Metallurgist for the London and North Eastern Railway based in Doncaster. The following article,
delivered two years earlier, shows that T. Henry took a particular interest in materials selection, so it
is of interest to note that he must have played at least a small part in assisting Sir Nigel Gresley in
the design of the A4 class of locomotives, including Mallard, which still holds the world record for
the speed of a steam locomotive.

Thomas Turner retired in 1926, by which time his son had been a lecturer in his Department for four
years. It was towards the end of that period, in 1925, that T. Henry took on the editorship of the
Journal. He was not the best of editors. Even his own paper contained errors, including containing
two tables 9 and several spelling mistakes. During his editorship there was no recording of the
discussion;  a notable difference from Allen,  whose editing and recording appears to  have been
impeccable. There were also several instances where T. Henry had failed to obtain a written copy of
the lecture that had been given. He did, however, do himself the favour of having the micrographs
in his own paper on glossy paper, a first for the Journal.

Whether Daniel Hanson, the Head of Department who followed after Thomas Turner, thought that
T. Henry was in post because of his ability we do not know, but it is not too surprising that T. Henry
moved-on after about three years under his leadership.

In 1926, Hanson was the first person to introduce fatigue behaviour into the programme. He had
evidently  started  to  take  an  interest  when  he  was  at  NPL,  where  Walter  Rosenhain  was  still
Superintendent. He referred to this experience in his discussion of the following paper: this was by
H.C. Gough who was Superintendent of the Mechanical Engineering division at NPL. The two
lectures concentrate on presenting data and both, in seeking some understanding, turn to work on
single crystals, perhaps the least relevant materials to real engineering materials in respect of low
temperature properties.

Corrosion often featured in the programme. Initially it was Guy Bengough, briefly a lecturer in the
University before moving to Liverpool and subsequently to Imperial College and then NPL, who



was  involved  in  many  collaborative  research  studies  on  corrosion.  Subsequently  the  two  top
corrosion scientists at Cambridge, T.P. Hoar and Ulick Evans contributed to the programme. Evans
appeared three times and it is one of his lectures that is reproduced here.

The only lecture specifically on creep published in the Journal was a prize-winning student essay by
Stan Glover. Subsequently he was for many years a highly respected member of the staff of the
University Metallurgy Department, who carried on working on the topic of creep with his research
students. However, student papers were included in the Journal but not presented as lectures and
none are included here.

The  next  group  of  papers  is  concerned  with  material  applications.  The  first  one  is  not  much
concerned with the materials used but was about a short-lived interest in a form of air transport. In
1923 there was already a business, mainly operated by a German company in ferrying people across
the Atlantic using balloons. Lt. Colonel described in this lecture the plans to service the British
Empire by this means. The aircraft that were then being produced were only just moving on from
wooden structure to using aluminium alloys so Lt. Colonel Richmond’s enthusiasm in promoting air
balloons as the future of long-distance transport did not appear silly. In principle they may still
make sense for  bulk  transport  if  it  were  possible  to  develop safe  routes  across  the  world,  but
Richmond’s description of flight management now reads like the scenario for a Charlie Chaplin
film. 

The next lecturer also had a hand in airships, which were the subject of his lecture. John North was
involved in the design of the R101, but he will be better remembered as the chief designer for
Boulton Paul, subsequently becoming Managing Director until his retirement in 1954. Boulton Paul
was responsible for the detailed design and manufacture of the third Second World War fighter
aircraft, the Defiant. Unfortunately, it proved to be no match for the German Messerschmitts and
was responsible for some of the worst casualties of the battle. The fault could not be laid at North’s
door, the concept came from the customer, the Air Ministry. The paper shows that North was a good
and careful engineer.

It was not only the Hindenburg disaster that brought an end (perhaps not finally) to the use of
balloons  for  transport.  In  the  1920s  heavier  than  aircraft  progressed  rapidly  and  the  first
transatlantic passenger-carrying flight was in 1927.

The original base of the ballooning operations was Farnborough, which subsequently became the
base for government sponsored research and development of aircraft. The Head of the Metallurgical
Department at Farnborough, H. Sutton lectured on the alloy selection for airframe application in
1938. He would at that time have been employed in matters relating to the aircraft being developed
for war, but nothing of this is evident in his talk.

There had been a number of lectures on the internal combustion engine, which in metallurgical
terms was similar, whether for land or air applications, but the final lecture included here concerns
the  metallurgical  aspects  of  an engine that  is  most  associated with  flight,  the gas  turbine.  The
lecturer, Sid Heslop had been trained as a metallurgist at the Birmingham Central Technical College
and was working in Coventry at the Rover Car Company. The gas turbine he was working on was
intended to power cars. Except for powering world land-speed record attempts, the developments
came to nothing.

However, when the lecture was given in 1957, it is notable that it was the only lecture that discussed
the alloys that stands as the pinnacle of Birmingham’s metallurgical achievements, the Nimonic
alloys. In the years following the last issue of the journal, and especially after the introduction of the
transmission electron microscope these alloys featured quite often in presentation to the Society.



But by this time a new challenge had become available for aspiring metallurgists, the harnessing of
nuclear energy. A large proportion of the students passing through the University and the College of
advanced  Technology  found  employment  in  one  of  the  nuclear  research  centres,  Harwell,
Capenhurst, Aldermaston or the CEGB. The last lecture on applications is by a technical manager
from CEGB, Matt Gemmill. It dealt with a range of metallurgical problems associated with power
generation, not just the radioactivity aspect. It was one of the first lectures that is recorded as having
shown transmission electron micrographs to his audience when it was presented in 1963. It is a
good point in time to close this account. From this time onwards the meetings of the Society rarely
attracted an industry-based audience,  except for those from the research departments.  Although
interesting to scientists, the clever equipment that had become available rarely guided industrial
practice. That is not to say it was useless, but that any utility was often sometime in the future.
There are, of course, honourable exceptions, as to most generalisations.

There are relatively few records of lectures on scientific subjects in the Journal. The focus was on
the  more  immediate  needs  and concerns  of  industry.  This  continued  until  industry  largely  lost
interest. There were two reasons for this. Firstly, accountants had taken over the industry by the
time the Journal ceased publication and mantras like ‘if  it  ain’t  broke don’t  fix it’ became the
attitude of management. Secondly, largely through trial and error and the degree of control that
could be exercised over composition and process, problems were fewer and the need for deeper
insights was less. Most managements had no interest in innovation which would make their existing
investment obsolete, inevitably, of course, eventually being left behind in the game of leapfrog that
characterises international, as well as national, competition.

The false  sense of  security  was based on one area of  science that  became fundamental  to  the
exercising of control, and there were several lectures that introduced this area to the local industry.
Chemical  analysis  was  easily  recognised  as  being  of  fundamental  concern  for  the  control  of
processes.  Wet chemistry was used initially  but  is  slow and could only be used for  in-process
control if the process was itself a slow one. The development of physical methods that gave a rapid
turn-around was a major step forward. All of the techniques had to be calibrated against reference
standards that had been characterised by wet-chemical methods, but once the standards had been
prepared the material could be analysed during manufacture in a matter of minutes.

Three lectures are reproduced here that deal with spectroscopy, which has many variants. The first
lecture, however, represents something more fundamental.

F.W. Aston was the recipient of the Nobel Prize for Chemistry in 1922, the same year that Nils Bohr
was the Nobel Laureate for Physics. It was only three years after Aston had invented the Mass
Spectrometer and showed that most elements have isotopes. It is interesting that he did not describe
the atom as consisting of protons, electrons and neutrons, but regarded the core of an atom as being
composed of protons and electrons. This differs from later thought only in the lack of a neutrino for
each electron-proton pair in the core. He also discussed the possibility of two atoms having the
same weight but different charges. These he called isobares.

Aston  was  born  in  Harborne  and  obtained  his  education  at  Mason  College  and  its  successor,
Birmingham University. He was a lecturer in the University before being attracted to Cambridge by
J.J. Thompson in 1909. His work on isotopes was interrupted by war work but when resumed soon
produced the results for which he is famed.

The mass spectroscope works by ionising the atoms and deflecting the positive ions by means of a
magnetic field, the deflection being greater the lighter the ion. Most other methods of spectroscopy
depend upon optical spectra and are described in the following two papers.



Both of  these  papers  were  by  employees  of  ICI Metals,  one  of  the  few metal  companies  that
continued longer than most to put resources into development. Little more is known of them than
that they worked as analysts, van Someren under a Society stalwart, H.W. Brownsdon, who was
Head  of  Research  for  the  company.  Gidley  was  employed  in  the  research  department  of  the
company, now called IMI and separated from ICI.

Well into the 1930s, the same techniques of metals research that had been well described in the first
decade of the century still held sway. A good example of the work that could be performed is given
here in a paper that was published in the Journal of the Institute of Metals. It is reproduced in this
anthology to include an account of one of the characters of the Society. Bill Alexander carried a
name that is famous, not only in Birmingham, but in the international field of athletics. The stadium
which hosts the British round of the IAAF Diamond League, The Alexander Stadium, is named for
Bill's father, who founded the Birchfield Harriers. Bill was a noted athlete and particularly rugby
player (as his battered features testified) when he was young. 

In the Society he was for a time Editor of the Journal, took his turn as President in 1963/4 and
lectured on two occasions, but was involved in the discussion at most meetings. He never failed to
tell members that he was the first person to extrude uranium. Why he thought this more significant
than  the  work  represented  in  the  paper  printed  here,  which  he  never  mentioned,  is  hard  to
understand. The work on the nickel-aluminium phase diagram is not only excellent, it is the first to
reveal the existence of Ni3Al, the phase that most importantly characterises the extraordinary high
temperature strength of nickel alloys. Published in 1937 with support from both the Mond Nickel
Laboratory and a grant from ICI Metals Division the study had almost certainly been promoted as
part of the work that led to the Nimonic alloys. (Contemporary work using X-rays at Manchester
University,  on  the  Ni-Fe-Al  ternary  system  was  concerned  with  explaining  the  extraordinary
magnetic properties of the AlNiCo alloys.)

Bill went on to work for ICI Metals Division, representing it in the USA for a period just after the
1939-45 war. He was subsequently Managing Director of Foseco, a foundry industry supplier, and
ended his career as the second professorial head of the Metallurgy Department at Aston University,
as the Birmingham College of Avanced Technology.

The next paper by W.H. Taylor concerns the use of X-rays. The lack of lectures on this subject is
surprising.  Tommy Wright,  who was  editor  of  the  Journal  from 1938 to  1942,  had  arrived  at
Birmingham  a little earlier with a Ph.D. from Sheffield, to introduce the application of X-rays to
the teaching of the Department. He took his turn as President in 1946/7, when his address was on
‘The University Training of a Metallurgist’. The paper by Taylor was an attempt to do something
for which the techniques were not suited, namely, to try to understand how metals harden when
deformed.

Taylor’s work was carried on by Peter Hirsch using a micro-focus X-ray machine, with equal lack
of  success,  but  Hirsch  was  fortunate  to  then  have  access  to  the  first  transmission  electron
microscope  in  this  country.  It  was  developed  in  the  Electrical  Engineering  Department  at
Cambridge by Ron Cosslett. The observations of dislocations by Hirsch’s students are a significant
part of the history of the subject. The ever-expanding availability of electron microscopes and other
electron-optical devices changed the quality of the Society’s interests and moved the focus towards
science and away from technology just around the time that the Journal ceased publication.

Explaining metallurgical phenomena, as exemplified by Taylor’s paper, was not a new pastime. In
steels and cast-iron optical metallography revealed most of the interesting phenomena, but in non-
ferrous  metals  metallography  typically  revealed  only  grain  size  and  shape.  What  happened  on



annealing was mysterious. For the most common, single-phase, metals what happened on annealing
was mysterious.

There was heightened interest in trying to understand the phenomenon in the 1920s, and in 1925,
Cyril Desch, at that time Head of the Metallurgy Department in Sheffield University, lectured the
Society on the subject. As noted in the paper by Bengough and Hudson reproduced in Volume I, the
idea until the 1960s was that recrystallisation was a nucleation and growth process with the nuclei
forming spontaneously in an amorphous structure produced by cold work. It was even referred to as
a tertiary transformation but turns out to be merely a competitive growth process. Nevertheless, the
name given to this form of restoration after cold work was, and remains, recrystallisation

Another lecture by Desch appears later in this volume; it was delivered almost twenty years later.
He  had  in  the  meantime  been  Superintendent  of  the  Metallurgy  Department  of  the  NPL in
succession to Walter Rosenhain.

Daniel  Hanson,  arguably  the  father  of  Physical  or  Scientific  Metallurgy,  encouraged  his  two
protegés, Geoffrey Raynor and Alan Cottrell to delve deeper into the nature of metals. He appears in
the science section of this anthology with the report of a rather brief discourse on precipitation
hardening. It was over thirty years after Wilms had observed age hardening and twenty years after
Merica had not only shown that the phenomenon was not limited to aluminium alloys but had given
a perfectly reasonable explanation of the phenomenon. Guinier and Preson had not produced their
evidence, essentially confirming Merica’s view, when Hanson gave his lecture, in which a rather
tentative account is given.

Working with Hume Rothery at Oxford, Geoffrey Raynor was party to what seemed an exciting
start to really understanding what made metals tick. He came to Birmingham to tell the Society
about the electron theory and perhaps to audition for a position in Hansons’ department. A little later
Alan Cottrell got into the act with a lecture on the nature of the metallic state that was better tailored
to  the  audience  of  metallurgists  and  engineers.  However,  when  Geoffrey  Raynor  revisited  the
subject some twenty years later it turned out that it was not as simple as either had thought. The
electron theory fitted the facts nicely for copper, silver and gold, nice simple monovalent metals
with full d-bands, but very little help when it came to the transition metals with d-band vacancies.

However, Cottrell went on to greater things and came back to the Society to lecture on the ultimate
mechanical properties of solids. This was among the last of the last lectures recorded in the Journal.

The  talk  given  by  Robert  Honeycombe,  was  a  fairly  standard  textbook  lecture  of  the  period
covering the mechanisms of strengthening of metals.

Policy

In its first fifty years the Society attracted not only the technicians and academics, but also the
Captains  of Industry,  as evidenced by the list  of its  Presidents  over  the period covered in  this
anthology. The list is reproduced as an appendix to this volume. The first lecture on policy was
something they all craved, but rarely got - Industrial Policy.

Sir William Larke was Secretary of the National Federation of Iron and Steel Manufacturers. His
lecture is essentially about what should the national industrial policy try to achieve. It was not
ridiculous in 1931 to expect there to be a National Industrial Policy. The debate about whether to
protect our own industry or continue the extension of free trade in a very unequal world was very
much alive.  Even as  late  as  1980 there was a  Government  Department  of  Trade  and Industry,



although it  ranked very low in the pecking order  of Ministries and was totally  neutered in the
Thatcher Government.

The lecture in essence shows that if there was a policy, it was very muddled. The ruling class of
Britain has always been dominated by the rentier class which has disdained involving itself in trade
and  since  the  repeal  of  the  Corn  Laws,  which  was  the  beginning  of  the  end for  any  form of
protectionism,  the  extension  of  free  trade  has  continued  apace  to  the  disadvantage  of  the
manufacturer, the benefit of the merchants and bankers and, as will ultimately be discovered, the
decline of the Nation.

The second lecture, which is the second appearance in these volumes of Dr W.H. Hatfield, Director
of Research of the Brown-Firth Laboratories, reveals a further example of the underlying causes for
the decline of British Industry. In 1929, the Governor of the Bank of England, Montague Norman,
took  effective  control  of  investment  in  the  steel  industry.  Since  that  time the  Banks  and fund
managers have increasingly been the arbiters of industrial development, or more usually lack of it,
since research is an expense of unknown yield in financial terms. In the steel industry the edict was
that  investment  would only be in  ‘World’s  Best  Practice’.  That  inevitably means that  any new
technology is  bought  in  and innovation  in  local  industry  is  suppressed.  The paper  by Hatfield
reports enthusiastically on one consequence of this.

The lecture described the highly bureaucratic research committee structure that pooled the research
for the entire steel industry: Research by Committee! It does not work. Inevitably its programmes
were all ‘safe’. Nobody would steal a march on the rest because their resources would be devoted to
making sure that nobody did anything that threatened their existence. All of the results that Hatfield
describes are about the quality of steel ingots. In the same period, from about 1930 onwards, major
strides were being made in the USA and Germany towards the development of continuous casting.
The British industry had, of course, to buy the technology and equipment from abroad, which has
made the detailed knowledge of rimming steel, mould shape, hot topping etc. totally redundant.

The last of the policy documents included here is one that has not lost its importance, although in
the mad scramble for riches based on money, it is always swept aside, in spite of being repeated at
regular intervals. Almost 80 years ago, Cyril Desch warned that the world does not have an infinite
supply of natural resources and that they were being consumed – or more accurately dispersed,
unsustainably at an ever-increasing rate. The Club of Rome made the same point most forcibly
thirty years later and evidence to date shows that their predictions were correct.

The  basic  problem of  so-called  civilised  societies  is  that  those  who run the  show,  mainly  the
rentiers, think that a few nostrums that constitute the ‘laws’ of economics embody a sustainable
truth.  None of them know the second law of thermodynamics,  which does tell  us that we will
disperse everything that is useful until it is so widely distributed that it has no further use. Having
almost  reached the  bottom of  the well  for  gas  and oil  we now embark on using up platinum,
palladium, cobalt, nickel, and other scarce resources in order to continue the lifestyle that has been
created using fossil fuels. It has taken less than a hundred years to create the need for a replacement
to oil and gas. In the meantime, it is possible that the planet has been made uninhabitable, at least
for many people.

Philosophy

The two articles here are included not to compete with the works of Russell and Wittgenstein but to
represent two people of particular interest who were long term supporters of the Society and were
eventually recognised for their contributions by being appointed to the Presidency. Philosophy is



perhaps  too  grand  a  word  for  the,  mainly  whimsy that  was  provided.  They  are  included  here
because of the experience of these individuals who became Presidents of the Society.

The first is by Cyril H.H. Franklin. His claim to recognition is that a device used occasionally by
the University of Birmingham was created for him. An Official Degree is awarded to employees of
the University on merit even though they do not meet the requirements of a normal degree. They
have not  matriculated  or  passed  the  final  examinations.  The beneficiary  will  have  served as  a
technician and will have made original contributions to the work of the academic they are serving.
Later recipients of this degree have gone on themselves to be Professors and noted researchers.
Franklin  was  the  first  beneficiary  because  he  was  the  technician  of  the  first  principle  of  the
University, Oliver Lodge.

Lodge identified radio waves at  about  the same time as Herz,  but  Herz went into print before
Lodge, who had planned his revelation to be in a lecture he would give after taking a holiday.
Perhaps the delay was of benefit, in that Lodges would not be as appropriate as Herz for the wave
frequency, herz being German for heart. 

As Lodge's technician Franklin would have met most of the great scientists of the world and it is
evident from his talk that he classed himself among them. Nevertheless, he is a link to the earliest
days of the Society. His boss obviously took an interest in its affairs, since he was recorded as
chairing a meeting in 1912 at which W.A. Bone, like Lodge, a Fellow of the Royal Society, gave a
lecture.

Somewhere in the archives of the University will be buried the record of Franklin’s contribution. It
would be interesting to know whether he was more involved in Oliver Lodge’s work in Classic
Physics, or in his attempts to enter the Spirit World. From the lecture it seems likely that he was at
least touched by the paranormal. This is laughed at today, but it needs to be remembered that Oliver
Lodge was co-discoverer of the existence of radio waves and the sole inventor of radio reception, so
his search for other unseen phenomena is not so odd.

Thursday November 3rd, 1949 was an important day in the life of the City of Birmingham. The
Birmingham Daily Gazette reports that on that day television reached Birmingham and would get
better once the Sutton Coldfield mast was finished. It also reported, on the same page, that Dorothy
Pile had been appointed President of the Birmingham Metallurgical Society, when ‘she became the
first  woman in the British Isles and probably the first  in the world,  to be made President of a
metallurgical society’. Perhaps the word ‘metallurgical’ might be replaced with one representing a
wider technical or scientific scope.

Miss Pile started as a metallurgist under her father, who was Chief Metallurgist at the Midland
Laboratory Guild.  This  was in  1920,  when the Guild  was an  important  contributor  to  midland
manufacturing, providing analytical services and failure analysis. She went on to be Secretary of the
Sheet  Metal  Industries  Association  and  was,  at  the  time  of  her  Presidency  with  the  jewellery
industry’s  Design  and  Research  Centre.  Unfortunately,  she  did  not  choose  to  recount  her
experiences in her address, rather taking a broad view of the profession and its context.



HEAT-RESISTING ALLOYS.

T. Henry Turner, M.Sc.,
Lecturer, Metallurgical Department, University of Birmingham.

(Report of a lecture delivered on 19th January 1928, at the Engineers’ Club, Birmingham, before a
Joint Meeting of the Staffordshire Iron and Steel Institute, The Birmingham Metallurgical Society

(Inc.), and The Birmingham Local Section of the Institute of Metals.)

Part I.

Throughout the known history of man, to within a hundred years of the present time, engineers have
carried  on  their  operations  under  strict  limitations  as  to  the  resistance  of  the  materials  of
construction available to them.

The production of alloys resistant to mechanical stresses and corrosive influences at relatively high
temperatures is one of the outstanding achievements of modern metallurgy, and we are probably
still  far  from the  stage  of  finality  in  this  respect.  The introduction  of  heat-resisting  alloys  has
followed on the commercial production of the extraction resisting metals. Aluminium, chromium,
nickel, molybdenum, cobalt and manganese are all difficult to extract from their ores and have only
been  made  available  within  the  last  few  decades,  and  these  metals  will  be  found  to  play  an
important part in most of the modern heat-resisting alloys.

What is a Heat-Resisting Alloy?

The definition of a heat-resisting alloy is not simple, because alloys are used to resist mechanical
stresses or corrosion at elevated temperatures in various forms of industrial mechanisms, and each
type of service appears to demand its own type of alloy. Thus, we have to consider the resistance of
metals  to  steam  at  the  high  super-heat  temperatures  which  have  been  necessitated  by  the
introduction  of  more  efficient  locomotives,  ships,  and  power  stations.  Steam-raising  plant
necessitates the use of fireboxes and firebars resistant to heat, flame, and slagging action.

The internal combustion engine, though apparently rapidly supplanting steam both on land and sea,
and always paramount in the air, does not remove the necessity for heat-resisting alloys; for Diesel
engines require special cast irons, and motor car and aeroplane engines require special alloy exhaust
valve and manifold materials. Furthermore, the internal combustion turbine seems only to wait for
the economic production of a still better heat-resisting alloy.

We find that electrical heating apparatus, whether it be the domestic iron or the works annealing
furnace,  uses  heat-resisting  alloys  as  an  essential  part  of  its  construction,  and  the  modern
developments in chemistry in the production of synthetic ammonia and the hydrogenisation of oils
depend for their success upon apparatus made from similar materials.

Lastly, in many of those metallurgical operations with which we are intimately connected, we find
daily  use  of  heat-resisting  alloys  as  rabbles  for  roasting  furnaces  and  containers  for  articles
undergoing heat treatment, and many furnaces now incorporate heat-resisting alloy recuperators.

The use of the expression “heat-resisting alloy” has therefore been developed to mean a material
which can be used in service at certain elevated temperatures. It does not mean a material
which is resistant to all temperatures, because no such materials exist; and, furthermore, completely
indestructible things would be a nuisance in the world. One requires things to be permanent under



certain  conditions,  but  movable  or  deformable,  malleable  or  forgeable,  under  certain  other
controlled conditions.

In heat-resisting materials, two distinct properties are required:
1. - The resistance of the surface of the metal to oxidation, or to attack by sulphurous gases
or other forms of chemical attack.
2  -  The  maintenance  at  the  elevated  temperatures  attained  in  service,  of  mechanical
properties, such as resistance to deformation, sudden or gradual, as the case may be.

Certain metals fail in service at high temperatures owing to oxidation, or to formation of sulphur
compounds along the grain boundaries; a form of chemical attack which penetrates deeply into the
body  of  the  metal  and  makes  it  mechanically  weak,  and  indeed,  changes  its  whole  physical
character - a phenomenon well-known, for example, in pyrometer wires,

The Growth of the Demand for Heat-Resisting Materials in Industrial Practice.

An investigation of the position which heat-resisting materials occupy in present-day engineering
design, reveals the fact that, in certain branches of engineering, progress in design is now held up on
account  of  the  need  for  materials  with  a  superior  resistance  to  mechanical  influences  at  high
temperatures. At the same time, it is true that, in other directions recently developed alloys exist
with properties which make them suitable for purposes for which they have not yet been employed.

Practically  speaking,  the  growth  of  the  demand  for  heat-resisting  alloys  commenced  with  the
introduction of the steam engine, or about 150 years ago. At that time, the engineering materials
available to the designer, were brass, bronze, wrought iron and cast iron, and they sufficed when
James Watt pushed up a steam pressure to about 10 lbs. per sq. in., in using the expansive force of
the steam as well  as  its  direct  pressure.  For  a  hundred years,  little  change took place in  those
materials, but gradually the pressures employed have increased, until in recent years pressures of
350 lbs.  per  sq.  in.  have  been regarded as  more  or  less  usual,  Within  the  last  generation,  the
superheating of steam has been introduced on a large scale, which means to say that after leaving
the  boiler,  heat  is  applied  to  the  steam,  in  some  other  container  or  pipe  system,  raising  its
temperature. The superheating of steam has progressively increased in intensity, until we now find
temperatures of 300°C. to 400°C. employed in regular daily working. .

In the Benson experimental boiler, steam leaves the superheater coil at rather over 455°C. - a red
heat  under  black  body  conditions.  The  steam is  quietly  generated  above  375°C.,  without  any
boiling, as the steam then has the same specific gravity as the water in the coiled tube boiler, and a
pressure of 3,200 lbs. per sq. in. For the present 400°C. is regarded as the limit of temperature for
ordinary  high-pressure  steam plant.  It  should  be borne in  mind,  however,  that  suggestions  and
experiments have been made regarding the combination of a Mercury boiler with a steam-raising
plant, and that, should this or any other such combination prove feasible in commercial practice, it
may call for still  higher working temperatures. The majority of materials of construction soften
below  a  red  heat,  so  that  further  progress  as  regards  the  utilisation  of  higher  pressures  and
temperatures depends on the production of novel engineering features, such as the proposal of the
Austrian Professor Löffler, or materials with superior properties at high temperatures.

The last twenty-five years or so has also seen numerous other industrial developments, which have
called for materials resistant to mechanical, chemical, or other influences at high temperatures. First
among these we may place the invention of the internal combustion engine, in which intense flames
impinge directly on to the sparking plug electrodes, valves, piston head and cylinder walls. The
temperatures  and  pressures  so  attained  have  been  increased  by  the  introduction  of  high-
compression, Diesel, racing automobile, and aeroplane engines.



During this same period, great developments have taken place in industrial and household heating.
This  is  now  largely  dependent  either  on  steam  or  water  conducted  through  metal  pipes  and
radiators, or on gas-heated metal radiators, or, lastly, on the heat emitted by electrical resistance
metal wires. In all such cases, metal is now used at elevated temperatures for a purpose unknown to
former generations.

The last seventy years has similarly seen the whole growth of high temperature furnace operation in
industry. Since the introduction of the Siemens regenerative gas-fired furnace, and the numerous
more modern types of electrically heated furnaces, demands for the conservation of heat energy
have to be met; and recuperation, especially when restricted to confined spaces (such as in the
Ljungström air pre-heater, carried on turbine locomotives) has made still another demand for heat-
resisting metals. The use of high temperatures has, in its turn, called forth the science of pyrometry,
in the daily application of which thermo-couples and sheaths of heat-resisting alloys are everywhere
to be found.

This  generation  has  also  seen  the  triumph  of  the  heat-treatment  of  metals  and  alloys;  and  in
carburising, close annealing, malleableising, hardening, tempering, and even enamelling, metals are
required  to  resist  high  temperature  effects  in  the  form of  boxes,  furnace  bottoms,  doors,  and
handling equipment.

During the same period, the introduction of high pressure and temperature operation, on a large
scale, has been made in industrial synthetic chemistry. At the same time, the twenty or more oil-
cracking processes, which break up the less valuable heavier petroleum oils, require metal vessels,
working at elevated temperatures and pressures, although the pressures in this case are relatively
low  -  in  the  neighbourhood  of  100  lbs.  per  sq.  in.  One  process  at  least  does,  however,  use
temperatures which may reach more than 500°C. with pressures of 750 lbs.; and the temperature
reaches as high as 540°C. in some cases, with lower pressures of only 350 lbs. per sq. in.

More recently, experiments on an industrial scale have been carried out with numerous processes
for  the hydrogenation of  heavy oils  and coal,  all  of  which operations  require  metal  containers
resistant to high working temperatures and pressures.

Finally, the blading material employed in the turbines of power stations and ships, is called upon to
resist  much erosion and some corrosion at  steam temperatures,  and the introduction of the gas
turbine waits only for the production of a material resistant to corrosion by the gases at the higher
temperatures which would be attained in such turbines.

How the Demand for Resistance to High Temperatures has been met.

Step by step, engineers have met the constant demand for ever higher working temperatures and
pressures.

(1) By modifications of engineering design, and
(2) By the utilisation of new metals and alloys as these latter have become available.

In the first case, one notes the employment of water cooling of the bosh and tuyères of all iron blast
furnaces; the water cooling of the doors, doorposts and ports of Siemens furnaces; the water cooling
of the mechanical rabbles used in continuous roasting furnaces; the water cooling of the hollow
boiler plate sides of the blast furnaces used in the smelting of copper, nickel, and lead ores; the
water cooling of the majority of internal combustion engines, and, finally, the use of oil, mercury, or
fused salts for similarly cooling metal parts subjected to excessive heat.



In the second case, the non-metallic refractories and iron and carbon steels, which were practically
the only materials available for use at high temperatures a generation ago, could not be used for
mechanically operated parts without, on the one hand, breakage through brittleness, and, on the
other, constant loss through oxidation. Vast tonnages of carbon steel have been used and obliterated
through oxidation at ordinary temperatures. Nevertheless, it is probably still true that the various
carbon steels form by far the larger part of the metallic materials utilised at high temperatures to-
day. During this last twenty-five years or so, however, numerous alloys have been invented and
utilised in industry, which possess superior. physical strength at high temperatures and a greater
resistance to furnace or other gases at those temperatures. These new alloys are thus spoken of as
“heat-resisting alloys,” and they possess properties at high temperatures which have not been found
in any pure metal or non-metallic refractory material.

The requirements of heat-resisting alloys vary from industry to industry. In some cases, physical
strength is of primary importance; in others, great resistance to the attack of furnace gases or other
chemically active substances; and one can group the uses of these materials into

(1) Those which are required to carry loads.
(2) Those which provide electrical resistance while being chemically stable; and, lastly, 
(3) Those which are called upon merely to act as containers.

Naturally, it is not possible to meet all high temperature requirements in any given alloy with the
same degree of resistance, but as a result of the work which has been carried out on these lines,
especially during the period since the Armistice, it is now possible to obtain heat-resisting alloy
equipment with practically the same assurance of its service life as one has, for instance, in ordinary
structural engineering. The more one studies the problem of heat-resisting alloys, the more apparent
it becomes that the problem is one of matching the peculiar properties possessed by any given alloy
with the peculiar conditions existing in any given industrial application. The usefulness of every
metallurgical  material  depends upon its  cost,  and the  ease with  which  it  can  be manufactured.
Where  much  forging,  heat-treatment  and machining  of  the  object  is  necessary,  it  is  obviously
possible to spend relatively more on the raw material; hence the use of heat-resisting alloys depends
upon their  cost and the nature of the article produced, equally as much as upon their  chemical
resistivity or mechanical strength,

The alloys now available for the engineering purposes already mentioned are all, in the main, solid
solutions of the metals in the Iron group. Reference to the positions of the metallurgical elements in
the periodic Chart of the Atoms, shown in Table 1, show these to be grouped together in the centre,
although the significance of that grouping is at present not fully understood. Unfortunately for our
comprehension of the subject, one notes that the columns of metals in that chart are not arranged
according to their  melting points,  their  specific gravities, boiling points,  electrical  resistivity,  or
other physical properties which we associate with them, and, but for the fact that the alloys we are
now considering centre on the Iron group, the author has so far been unable to find any connection
between the position of the elements and the properties of the alloys they form; indeed, in certain
directions, closely allied elements produce the reverse effects on alloying. Thus, for instance, Iron,
Cobalt  and Nickel occur adjacent to one another in the chart,  although Iron produces the most
magnetic alloy, with 30% of Cobalt, and a non-magnetic alloy with the same percentage of Nickel.

One does not have to seek far to find why it is the metals of the Iron group which form our heat-
resisting alloys. The other well-known metals of commerce - tin, lead, antimony, bismuth, mercury,
cadmium, zinc, sodium, potassium, magnesium and silver, all melt, and in some cases even boil,
below 1,000°C. Gold is obviously too expensive, to say nothing of its poor mechanical strength, and
aluminium and copper are only useable at relatively lower temperatures. Metals of the platinum
group are also excluded on account of cost from all but very specialised uses.



As the question of cost is naturally of fundamental importance, I have prepared Table 2, which
shows the metals of commerce divided into three main groups.

In this  table,  the metals  which are too rare for engineering purposes, and which are frequently
spoken of as “the precious metals,” appear on the right. On the left are the metals, generally weak as
regards mechanical properties, which are found in amalgams, fusible alloys, bearing metals and
other white metal alloys. In the centre are grouped the strong metals to be found in the heat-resisting
alloys we are now considering. The common gaseous and solid impurities are shown at the bottom.
Magnesium and aluminium may be regarded as forming an intermediate sub-group of their own.
The non-metals, silicon, and carbon, which form important intentional additions to many of these
alloys, make still another sub-group.

Tables  3,  4  and 5 have  been prepared  in  an endeavour  to  find  some relationship  between the
properties which must be essential in heat-resisting materials.



(1). A low boiling point, such as that possessed by zinc, might obviously be detrimental, in that one
constituent of an alloy could distil out under service conditions.

(2) An abnormally large co-efficient of linear expansion might be detrimental in that it could cause
any protective scale on the surface of the metal to be cracked off on heating and cooling.

(3) The thermal conductivity is obviously of importance, because in many engineering objects it is
possible to provide for the extraction of heat, if this heat can be conducted efficiently through the
body of the article.



These Tables show that tin is exceptional, in that it has a very much higher boiling point than would
be expected; and that zinc has a lower boiling point than would be expected. This observation helps
us to understand why the bronzes are superior to the brasses for high temperature work. Too much
stress must not be placed on melting points of alloys, for metals and alloys frequently soften, or
completely fail mechanically, considerably below their melting points. This was observed especially
by the author in tin, in some experiments carried out to test whether tin could be used as a tell-tale
of temperatures reached in rotating mechanisms, It was found that the tin would have softened,
below its melting point, sufficiently to be flung out by centrifugal force, and so possibly give an
erroneous indication of the actual temperature reached. This softening is shown in the case of higher
melting point alloys in work, by Mr. Slater and the present author, on the hardness of carbon steels
at the temperatures employed in riveting. *  1 In recent years, this softening and readiness to flow
under stress has been much studied under the name of “creep.” Ordinary mechanical tests of metals
and long-time tests, at high temperatures, give somewhat different results. We may understand why
this is so by thinking of viscosity. A block of plasticine, resin or other plastic substance, can be
deformed easily by slow penetration of the finger, but scarcely affected by the rapid blow of a
hammer. One easily moves an object slowly through a liquid, but rapid impact on the liquid causes
a reaction similar to that of a solid object.

The problem of the choice of a particular alloy is complicated by the fact that the different metals
and alloys show markedly different resistances to attack by gases or slags at high temperatures. It is
not a rule that the attack increases with increase of temperature, nor does the attack increase at the
same rate with increase or decrease of temperature. This fact is shown clearly by referring to Figs.
1, 2 and 3, which have been drawn from data given in Dr. W. H. Hatfield’s paper on Heat-Resisting
Alloys, read less than a year ago before the Iron and Steel Institute. Dr. Hatfield had gathered a
collection of facts of great importance to industry; and although criticised at the meeting of the Iron
and Steel Institute with regard to minor details, his paper represented the valuable data obtained as
the  result  of  between  four  and  five  hundred  separate  high  temperature  corrosion  experiments,
carried out in an industrial research laboratory, which has been for many years a model of its kind,
and published with a full statement of the analyses of the alloys and gases investigated.

From Fig. 1 it will be seen that Dr, Hatfield’s results indicated that despite the use of incandescent
tungsten wires in electric lamps, tungsten may be regarded as the least satisfactory of the metals
considered, so far as concerns the effect of oxygen at high temperatures.

1 *JISI, 1926, (1), p.300 “The Hardness of Steel at High Temperatures.” Ian G.Slater and T .Henry Turner



The oxidation of pure Iron and Cobalt increases markedly at 800°C.; Copper is seriously oxidised,
and Nickel and Chromium are the only metals with a low rate of oxidation up to 1,000° Centigrade.
The influence of carbon dioxide is somewhat similar, but the results given for Tungsten, both in
Figs, 2 and 3, are unreliable, owing to the partial volatilisation of that metal. Pure Iron is attacked
by carbon dioxide more readily than by oxygen.

Cobalt, while attacked in much the same manner up to 900°, shows an anomalous decrease at the
higher temperature. The effect of carbon dioxide on Copper is almost the same as that of oxygen.
Turning to  Fig.  3,  we find that  Copper  is  much less  subject  to  the  attack  of  sulphur  dioxide;
Chromium remains little attacked by it up to 1,000°, but Iron is completely converted below 900°.
Cobalt, in this case, is progressively attacked, and now it is the turn of Nickel to show anomalous
behaviour. As is well known, Nickel is attacked readily by sulphur dioxide at a bright red heat, but
at high temperatures the scale apparently becomes so impervious, that at 1,000° Nickel is actually
less damaged by the effect of sulphur dioxide than is Chromium.

It  is  common nowadays to  speak of “protective films” in  regard to the resistance exhibited by
metals and alloys to corrosion at ordinary temperatures. Undoubtedly, such intermediate layers of
material must exist at high temperatures between resistant alloys and the attacking hot gas. The
impermeability of any such surface film is of importance, but it is equally important that the surface
film be spontaneous in its production under service conditions, otherwise mechanical damage at
service temperature would permit chemical action.

PART II.

Having now considered how the demand for materials resistant to high temperatures developed and
having reviewed the metals available and considered some of the factors which must be borne in
mind in the production of alloys to meet these demands, we may now review the alloys which are
actually  used for  specific  industrial  applications,  paying,  where  possible,  particular  attention  to
those of more modern origin. A convenient way of doing this will be to consider the heat-resisting
alloys in connection with different departments of engineering:

(a) Heat-resisting alloys of interest to steam users.
(b) Heat-resisting alloys in furnace work.
(c) Heat-resisting alloys used in connection with electricity.
(d) Heat-resisting alloys in internal combustion engines.
(e) Heat-resisting alloys for guns and rifles.



(f) Heat-resisting alloys for hot-forging dies.
(g) Heat-resisting alloys for chemical industries.

(a) Heat-resisting Alloys of Interest to Steam Users

In one or another type of steam raising plant, steam engines or steam turbines, use has been made of
a considerable number of special alloys; some used only as castings, others in the forged condition.

Cast Iron.

Much cast iron has been used for firebars, cylinders, turbine casings, and other parts exposed to
heat. It has been known for a long time that cast iron does not retain its original dimensions under
the influence of excessive heat and oxidising atmospheres. What is known as the “growth” of cast
iron occurs, the cause of which, though fairly well understood, has been, and is still, a matter of
discussion.

It should be noted, however, that the casting must be sound, as gas pockets or blowholes, acting as
gaps in the metallic structure, obviously interfere with the normal expansion and cause irregularity
of dimensions. Freedom from internal defects or stresses caused by shrinkage on solidification and
cooling of the casting in its manufacture, must be achieved, if possible, and it is therefore essential
that the mixture of cast iron used for these purposes should cast well.

A better  heat-resisting  material,  from which  one  cannot  produce  sound castings,  is  in  the  end
uneconomical; only a founder can say whether an alloy of given composition is suitable for foundry
use. Similarly, the shape or design is almost equally important, as good metal poured to make badly
designed castings will make articles which distort on heating.

The actual composition chosen for a cast iron article, which must be heat-resisting, depends partly
on the thickness of the casting and partly on the nature of the heating; that is,  the temperature
reached in service, and whether the heat is continuous or intermittent. Continuous heating is, as a
rule, less injurious than intermittent heating, because repeated rapid expansion and contraction of
the ordinary run of fairly high silicon gray cast iron causes its disintegration by what is in this
country called graphitisation, and sometimes spoken of as grain growth in American literature.

The  combined  carbon  content  turns  to  graphite  more  quickly  at  higher  temperatures,  and  this
change is aided by high silicon contents and length of heating. One therefore aims at the following
points when pouring cast iron to make articles which must resist oxidation at high temperatures.

1. - reduce the silicon content.
2. - Increase the manganese content, particularly where sulphur is present in appreciable

quantity, and
3. - Add chromium or other element which will counteract the graphite-forming tendency of

silicon.

Despite the fact that nickel enters into nearly all heat-resisting alloys, the addition of nickel to cast
iron for heat-resisting purposes is ineffective unless accompanied by chromium additions or silicon
reductions, because nickel acts to some extent in the same direction as silicon. It should be noted
that the action of chromium in preventing the production of graphite is so strong, that relatively
small additions make a casting unmachinable; and if heat-resisting cast iron is desired which must
be machinable, the action of the chromium must be offset by silicon or nickel additions, and in this
case the use of nickel is to be recommended as it gives a smaller graphite size than does silicon in
ordinary foundry practice.



There is no apparent advantage in much reducing the total carbon content. It is impossible to lay
down simple rules where cast  iron is concerned, as, depending upon the size of the article and
whether permanent moulds or chills are used, the rate of cooling plays such a large part in the
nature of the finished material. In general, however, for heat-resisting purposes, one should strive to
produce as close grained and hard an iron as possible. Where it is possible to use white iron, that is
to be recommended, especially if it is possible to malleablise the iron or give it a short annealing
before putting it into service.

Highly alloyed cast irons cannot be thought of commercially for ordinary heat-resisting articles, but
two somewhat unusual materials may here be mentioned.
(1) In reply to an advertisement seen in one of the technical papers, the author wrote to a firm in
New York for particulars of “Nogroth” Metal. This proves to be a white cast iron melted in an air
furnace and alloyed with sufficient chromium and nickel to make it reasonably machinable, and to
have an elongation of 6%. The alloy content does not exceed 10%, so that Nogroth need not be
exceedingly expensive.

(2) Samples of the second material are here exhibited and were given to the author by Professor D.
Hanson, who had received them from the International Nickel Company, as a product of research
work carried out in their laboratories. The photomicrographs which the author has prepared, and
regards as most interesting, show this so-called “Monel” Cast Iron to have a clearly cored, dendritic
structure, in which two distinct eutectics may be seen, which are apparently graphite-austenite and
carbide-austenite. This unusual cast iron is machinable, and, as its name implies, contains additions
of nickel and copper in approximately the Monel ratio and totalling about 20% (by analysis 14.7%
Nickel and 5.51% Chromium in the sample shewn in (Fig. 4).

A more normal cast iron, used for firebars, is that mentioned by Oberhoffer and Piwowarsky, which
contains 2.75% total carbon; 1 to 1.1% silicon; 1 to 1.5% of nickel; and .2% to .4% of chromium;
the small additions of nickel and chromium being said to increase their resistance against oxidation.

It should not be thought, however, that cast iron is the only material used for firebars. Excellent
firebars have been made of wrought iron and, incidentally, gray cast iron coated with aluminium,
but the latter cannot be regarded as a heat-resisting alloy. Special heat-resisting alloys are being
used  in  chain  grate  stokers.  Messrs.  Babcock  and  Wilcox,  Limited,  inform me they  have  had
considerable success with “Era” Steel, for special slicing rings fitted to the side of their chain grate
stokers for the removal of slag and clinker from the side walls of the arches and furnaces. The
material  appears  to  stand  up  to  furnace  conditions,  and  abrasion  from  the  slag  and  clinker,
particularly well.



The introduction of oil firing to boilers caused trouble, owing to the greater intensity of the flame,
which  resulted in  an extensive investigation  on behalf  of  the American  Navy (reported  in  The
Pacific Marine Review, of March 1927). Higher temperatures and increased insulation resulted in
the bolts holding the refractories to the furnace wall of destroyers being burnt away in a very short
time. Previously, Monel metal bolts had been standard, but they were now no longer satisfactory.
The photomicrograph (shown in Fig. 5) illustrates the structure of the material which was finally
chosen from the dozen or more tested This manganese-nickel contains a minimum of 93% of nickel,
and a manganese content of 3.5 to 5%; iron 2.0% as a maximum. The sectioned sample Fig. 5a is
that from which the lantern slides were prepared. It shows clearly that this bolt has been forged,
although at first cast bolts were used. The heat resisting properties of this material approximate very
closely to those of the “Nichrome’’ type of alloy tested, but the latter was discarded as its cost was
regarded as excessive.

During recent years, locomotive engineers have shown their dissatisfaction with the behaviour of
the materials employed for fireboxes, and experiments have been carried out in this country to find
more satisfactory materials than the well-tried arsenical copper and mild steel. So far, no other
alloys appear to have been widely introduced for this purpose, unless deoxidised copper and the 2%
nickel-copper alloy are more generally used than I imagine. During the war, Monel metal was used
in French locomotive firebox staybolts, but it is said that this was principally due to the difficulty of
obtaining other materials and was discontinued after the war owing to expense. Ordinarily, for this
application, Monel metal would be inferior to Nichrome or other heat-resisting alloys, especially if
the bolts came in direct contact with the sulphurous flue gases which would rapidly attack this alloy.
As a general rule, however, Monel metal stands up better than ordinary engineering materials under
conditions of this character. As an example of this, an exhibit may be seen here of a steel plate, in
which Monel and ordinary arsenical copper rivets have been fixed. The complete test plate was
placed in the fire grate of a works boiler and allowed to remain there continuously for three months.
The result of this exposure has been, as pointed out by Mr. Norman C. Marples, who kindly gave
me this sample, that the copper rivets are almost completely destroyed; the steel plate has suffered
severely, while the Monel metal rivets are but little affected by the fire action. So far as I am aware,
British railways have not employed Monel to any extent for firebox staybolts, but the material is
under test at the present time. It may here be mentioned that, while some of the nickel-chromium
alloys undoubtedly possess a higher degree of heat resistance, yet very many of these are only
available in the cast form, or are extremely difficult to work, and are therefore quite useless for such
purposes as locomotive firebox staybolts because of the difficulty of screwing and riveting. If, for
the moment, one overlooks the question of price which applies to all these alloys, it would seem
that alloys of the “Monel,” “Manganese-nickel” and “Cupro-nickel” types are among the best heat-
resisting engineering materials available.



The phenomenon known as “ageing’’ has received attention in connection with the plates, tubes and
drums employed in modern boilers. It has been shown that tough mild steel may rapidly become
brittle under the conditions attained in boiler service. A low nickel content is sufficient to prevent
entirely the occurrence of this defect, and steels with approximately 2% of nickel have in recent
years been used for the boilers, fireboxes and tubes of Canadian locomotives.

The seriousness of loss of strength of materials in boiler service was recently stressed by Mr. John
Anderson, when speaking of experiences gained during the last year with especially high pressures
and temperatures in the operation of the new Lakeside superpower station in Milwaukee, which I
had the pleasure of visiting just as the vast boilers were being installed, some 18 months ago. Mr.
Anderson says that the loss of strength is as much as 20% in the U.T.S. and elastic limit of boiler
tubes in service. With the higher pressures, of 1,300 lbs. per sq. in., in the super heater elements, it
was shown that the overheated metal was even as much as one-third lower in strength as regards
both  U.T.S.  and elastic  limit.  Annealing  of  some kind occurs  in  service,  and this  is  obviously
significant so far as the computation of factors of safety in designs is concerned.

Valves

The valves employed in high pressure steam work also require special alloys, and in recent years
stainless steel, Staybrite and Monel have been used for this purpose. Safe valves are now made for
power stations, working at 400°C., and valves have been made to operate up to 600°C. The failures
in the past have frequently been due to an unsuitable combination of metals, as well as to excessive
stress concentrations due to the thermal changes caused by intermittent operation. The trouble from
“seizing” or “galling” of valve seats appears to be overcome as a rule by making the alloys in
contact at valve seats of dissimilar materials and different in hardness,

In this  connection, mention may be made of the practice of a well-known firm of engineers in
Yorkshire, which has specialised on the production of valves for the various steam mains found in
power houses or ships engine rooms. The alloys they have developed for such valves are known as



“Platnam,” in its various grades, and do not seize up as does ordinary bronze or stainless steel
under present-day steam main conditions. Their success in this connection has led to a considerable
export of these valves to America and elsewhere.

The composition of “Platnam” is varied to meet the fact that a high Brinell figure is required in the
small valves, whereas the big master valves in power stations are generally of the parallel slide type,
in  which  a  good bearing  surface  is  required  to  carry  the  load  under  friction.  The structure  of
“Platnam”  is  unaffected  by  heating  to  425°C.  This  material  is  a  cupro-nickel,  with  a  duplex
structure of harder dendrites in a solid solution matrix, the hardeners employed being tin, chromium
and iron. As no free carbon is present in any of the grades, the material should be described as a
nickel-copper  or  a  nickel-chromium  alloy,  and  not  as  an  alloy  cast  iron.  The  co-efficient  of
expansion varies from 0.0000065 to 0.00000785: the co-efficient of expansion being less in the
harder alloys. The hardness of these materials vary from 200 Brinell in the softer grades to 450 for
other grades in which considerable quantities of iron are added to suit particular circumstances.

“Platnam” appears to have a much smaller co-efficient of friction than ordinary admiralty bronze,
as may be seen from the following figures:

and although it has not the elongation of bronze in the cold, it is superior in other respects at steam
temperatures, as may be seen from the following.

This  section of  the paper  will  now be terminated by tabulating the better-known turbine blade
materials.



The Author has also seen pure nickel blades drawn and assembled into turbines in the works of the
American Westinghouse Co.

(b) Heat-resisting Alloys in Furnace Work.

Turning now to examine the use of heat-resisting alloys in typical metallurgical operations, one
finds that it is not too much to say that their introduction has revolutionised furnace construction.

Among the most notable developments of recent years in the field of heat treatment has been the
introduction or continuous annealing and continuous counterflow carburising furnaces. In view of
the modern tendency towards larger industrial units and the amalgamation of small firms, one may
look to big developments in this direction. Although some of these furnaces have water-cooled skid
pipes, the majority are equipped with heavy gauge heat-resisting alloy rails, carrying special alloy
rollers on suitable bearings. This preference is due to the greater ease of operation, on rollers, and
consequently  the  lesser  damage  to  trays  or  carburising  boxes  as  they  are  pushed  through  the
furnace. Only the central part of the latter is heated; two-thirds of these tunnel furnaces being really
only recuperators.  The work is charged simultaneously at  both ends of the furnace,  so that the
ingoing cold boxes are heated by the outgoing hot boxes before they enter the centre heated part of
the furnace. At either end there is thus a heat transfer between the two lines of work passing through
the furnace.

One American firm of heat-resisting alloy makers has already installed a total of nearly a mile of
these special rails in annealing, normalising, and carburising furnaces. The first rails so installed
still show no growth, cracks or appreciable sag, and the rollers still show the grinding marks.

The  perfectly  simple  and theoretically  correct  principle  of  counterflow recuperation  in  furnace
operation was first put into practice at least ten years ago, but its use for the higher temperatures of



carburising waited till the last few years, when available heat-resisting alloys and knowledge of
design had progressed far enough to justify the high capital outlay involved.
In all furnace work, plain castings are the commonest type of alloy used, because of the expense of
machining, or even grinding, these hard materials, and also because the casting is cheapest to make
and most resistant to oxidation and warping. Machined and rolled forms may be used and are best in
certain cases.

It may here be well to point out that in this country little advantage appears to have been taken of
the  possibility  of  combining different  forms of  alloys,  as  has  been done by certain  makers  of
carburising boxes, in which a cast  web frame is  lined with thin alloy sheet.  This system gives
adequate strength, and yet the lighter box allows more rapid penetration of the heat into the box and
causes less loss of sensible heat by the periodical removal from the furnace.

The alloys employed for use in connection with metallurgical operations as furnace doors, hearths,
skids, rollers, carburising boxes, rabble arms and stirring rods, vary considerably; forged or cast
mild steel being increasingly replaced by chromium iron, chromium-silicon-iron, nickel-chromium,
nickel-chromium-iron,  and nickel-chromium-silicon-iron alloys.  Of these,  the chromium-silicon-
iron  alloys  may  be  said  to  offer  excellent  resistance  to  oxidation  but  to  suffer  from extreme
brittleness,  and I  therefore show, as typical  of this  group, a photomicrograph (Fig.  6),  which I
prepared from cast “Chronite”. This was actually a piece cut off the end of one of the Metallurgical
Department Laboratory furnace tubes, but the same material is giving excellent service for burner
nozzles, mushroom valves and other high temperature uses. It contains approximately 67% Nickel,
16% Chromium and 12% Iron, and has had in one case a life more than 25 times that of mild steel,
when used in a local works for carburising boxes. The industrial importance of such service may be
emphasised  by  adding  that  many  thousands  of  such  heat-resisting  alloy  carburising  boxes  are
supplied annually in this country alone,

A sample of “Nichrome,” kindly supplied by the makers, who state that the material they generally
employ for heat treatment boxes contains approximately 60% Nickel, 12 to 14% Chromium, and the
balance Iron, with usually 1% of Manganese,  is also shown. The makers of this material  have,
however, found that the addition of a small percentage of Aluminium is frequently advisable, and it
does appear to increase the life of the boxes. Heat treatment boxes of these materials give a very
long life, provided the atmosphere of the furnace does not contain free sulphur, and there is not an
abnormal percentage of alkaline carbonates in the carburising compound employed.

I have seen many large rotating “Nichrome” tube furnaces in the heat treatment departments of
American firms, and similar gas fired rotary retorts have recently been installed by a well-known
firm in this district. When in France recently, I was told that “Nichrome’’ was being used in no less
than 1,500 factories.



In one case, where equal sizes of steel and Nichrome boxes had been tried out on the same work,
the steel cost 4,500 francs and the Nichrome 975 francs, for the same period. Despite its high initial
cost, the Nichrome worked out, in the long run, as 4 to 5 times cheaper than the initially cheap steel.

At one of the large plants which I visited in America (the Timkin-Detroit Axle Company, Detroit), a
careful  study has  been made of  the  causes  of  failure  in  heat-resisting  alloys.  The type  of  box
examined  consists  of  approximately  60%  Nickel,  18%  Chromium  and  15%  Iron,  and  the
investigation was to determine why they showed so large a variation in their  actual life in  the
furnace. Since my visit to this Firm, Mr. Roger Sutton has given an account of this investigation to
the American Society for Steel Treating. He shows that it is evidently possible to make a carburising
box  that  will  hold  up  for  long  periods  of  time  under  ordinary  conditions,  so  long  as  the
manufacturer  pays  attention  to  the  causes  of  failure,  which  he  enumerates.  These  may  be
summarised as: -

(1) Strain, caused by un-uniform shrinkage, which is largely a matter of design of the box.
(2) Dirty castings, which means that in most of the poorer boxes, slag and other impurities
were poured into the moulds with the alloy.
(3) The allotropic form of the casting; a good box proved to be almost pure austenite, while
the others showed evidence of martensite transformation.
(4) The rate of cooling.  In the best pot the cementite was evenly distributed in a fairly
globular condition, denoting a slow cooling rate; while in some of the others an unevenly
distributed needle-like structure was predominant, indicating a rapid cooling rate,
(5) Incomplete deoxidation and occluded gases.
(6) The absence of a degassifier, such as aluminium.

The structure of yet another heat-resisting alloy recently introduced is shown in (Fig. 7), which I
prepared from a sample of “Poldi Antoxyd”, kindly sent by the makers for examination, This Alloy
contains 30 to 50% of Nickel, and 16 to 22%, of Chromium. It is said that mild steel samples lost
1,200 times as much by oxidation, in an air current during continuous annealing for 40 hours, at
1,000°C., and 410 times as much when similarly annealed at 1,200°C., as did samples of Antoxyd.
This alloy is non-magnetic, cannot be case-hardened or hardened by quenching, has an U.T.S. of 8
tons/sq.  in.  at  1,000°C.,  and is  recommended by the  makers  for  carburising  boxes  and similar
purposes.

Before leaving this section of my subject, I wish to refer to two other points. Aluminium bronze
may be used for carburising boxes, and I saw it so employed in the De Dion Works at Puteaux about
two years ago. In view of this lecture, I wrote to my friend, Dr, J. Galibourg, who kindly supplied
the following details:



The carburising boxes which they used were 90% Copper and 10% Aluminium, They did not last
more  than  1,000  hours,  but  had  the  advantage  over  nickel  chrome alloys  of  being  able  to  be
employed in furnaces with either a reducing or an oxidizing atmosphere; the sulphur content in the
coke gas used being very injurious to Nichrome, especially in a reducing atmosphere.

Efforts might be made to increase the resistance of aluminium bronze to oxidation by the addition
of nickel, as is done successfully in connection with corrosion at atmospheric temperatures, but it is
to be feared that the addition of another element in this manner might lower the melting point of the
bronze. With the alloy mentioned (Copper 90%, Aluminium 10%), one is already very close to the
melting point at the temperature used in case-hardening; say 950°C, Dr. Galibourg states that he has
seen, some four or five times, accidents take place owing to excessive heating; the boxes melting
away, causing a loss of the steel pieces in course of cementation.

Much attention has recently been paid to surface hardening by nitrogen. In this process, due to the
embrittleing  effect  of  very  prolonged  contact  with  ammonia  gas  at  elevated  temperatures  on
ordinary steels, boxes have been used constructed of high-nickel stainless irons of the  “Anka” or
“Staybrite” variety,  which are  practically  immune from deterioration  by ammonia gas  at  these
relatively moderate temperatures. The boxes have an indefinite length of life, no particular care
being necessary beyond packing the boxes so as to ensure a reasonably free passage for the gas.

I visited a smelting plant, in 1926, where heat-resisting alloys were being tried for the rabble arms
which gradually move the roasting ore along a lengthy reverberatory furnace. The alloys installed
were  “Thermalloy,” an iron-chromium alloy,  containing approximately 25% of Chromium; and
“Fahralloy,” a  nickel-iron-chromium alloy,  containing  30 to  35% Nickel  and 17% Chromium.
There is a progressive difference in the temperature along these furnaces, and it has been found that
when this exceeds 1,000°C., these alloys become unsatisfactory, due to loss of strength, and cannot
therefore replace the watercooled cast iron rabbles which are commonly used for this purpose. The
heat-resisting alloys have, however, given very ‘satisfactory service in those parts of the furnace
which operate below 1,000°C. In the same works, more than 15 tons of small,  16 in. diameter
Nichrome discs have given satisfactory service in a modern continuous annealing furnace.  The
temperatures  at  which  this  latter  furnace  is  worked  do  not  exceed  1,000°C.,  and  the  normal
operating temperature is approximately 950°C.

Nickel-chrome alloys are also employed in the plant of the Ford Motor Company, which reclaims
lead from old storage batteries, for the grate on which the charge rests, about 4 ft. above the furnace
floor; the average operating temperature of the furnace being 650°C. Heat-resisting alloys are now
also used for recuperator parts in gas-fired furnaces.

In the melting of aluminium, cast iron melting pots are normally used, and these do not last more
than a month in ordinary operation. I am informed that the difficulty experienced is not the solution
of the iron in the aluminium, but the scaling of the iron pot from the outside. Provided the inside of
the pot is coated with a mixture of whiting and sodium silicate, the aluminium does not attack the
iron to any appreciable extent; but if steel were used, the coating would not be at all adequate and
the attack would then occur very rapidly. Dr. N. F. Budgen tells me that the life of iron pots in daily
operation in a die-casting shop with oil-fired furnaces, is only about 3 to 4 weeks, but up to the
present no suitable substitute of longer life has been introduced.



(c) Heat-resisting Alloys used in Connection with Electricity

We turn now to an entirely different branch of engineering and consider the use of special alloys as
electrical  resistances.  In  (Table  7)  I  have  tabulated  the  specific  resistances  of  17  commercial
materials, showing their approximate constitutions.

From this it will be seen that the specific resistance varies very considerably; indeed, very much
more than does the tensile strength of the same alloys. All of these are used in the form of wire or
strip, but it should not be forgotten that the electrical industries still employ a considerable number
of cast resistances. Many thousands of cast iron resistance grids are turned out annually in this
country, and judging by the exhibits shown at foundry exhibitions, they must be produced by every
other foundry in France; and certainly,  I  have seen them manufactured in the United States,  in
specialised foundries. Thus, although there may be a tendency to use stronger and lighter materials
for  industrial  resistances,  there  can  be  no  doubt  that  the  cast  iron  resistance  has  not  yet  been



superseded,  The  composition  employed  varies  according  to  the  section  of  the  grid,  and  the
following is the analysis of one size of grid which was kindly given me to examine as typical of
those manufactured in the American foundry mentioned: 

On writing to America to say that this was the analysis I had obtained, I was informed that the
analysis could be taken as typical, with the exception of the Nickel content, which was on the low
side, the usual content being from 3 to 5%.

In domestic heaters, domestic irons, toasters, hair driers, and such-like articles, Nickel-chromium
or Nickel-chromium-iron alloys are used almost to the exclusion of all others. There seems to be
reasonable unanimity in the belief that, for electric heater resisters, a pure 80/20 Nickel-chromium
is far more resistant to oxidation than similar alloys with an appreciable iron content. The latter type
of alloy is, however, used extensively. These materials, in thicker sections, are being used to an
ever-increasing extent in industrial furnaces, particularly for the annealing and heat treatment of
steels and non-ferrous metals. They are also employed very largely in the windings of laboratory
furnaces.

Mention of the laboratory turns one’s thoughts to another use of resistant alloys; namely, that of the
thermo-couples of pyrometry. In the next (Table 8) I have shown the constituents of the better-
known thermo-couples,  and need only add that,  for the protection of thermo-couples:  in  works
practice, pure nickel has been used with excellent results.

In  one Works with which I  am acquainted,  Chromel-Alumel  thermo-couples  are  used in a  pre-
heating furnace for heat-treating high-speed steel, and, enclosed in a pure nickel protection tube,
they have an average life of three months per thermo-couple, although the service temperature is
about 200°C. higher than that recommended under ordinary conditions for the thermo-couple wire.

While speaking of this use of heat-resisting alloys, it may be of interest for me to add that Mr. T. G.
Bamford, M.Sc., who has been for many years responsible for the classes on Pyrometry in the
Metallurgical Department of the University of Birmingham, makes use of  copper-constantan for
temperatures up to 360°C., and  iron-constantan for temperatures up to 700°C., this couple being
made  of  special  thermo-couple  wires  wound  together  by  the  London  Electric  Wire  Company;
Chromel-Alomel up to 1,100°C. and Platinum-10% Rhodium up to 1,500°C. The laboratory electric
furnaces made recently have been Chronite tube castings wound with 18- or 20-gauge Brightray.



Before leaving this part of our subject, mention should be made of the fact that increased use of
such alloys may develop in the future through the commercial employment of thermo-piles. Dr. C.
M. Walters pointed out to me, several years ago, that it was theoretically possible to dispense with a
magneto, for instance, and to generate current by means of a large thermo-pile in contact with hot
exhaust gases. I understand that a piece of apparatus built somewhat on these lines is marketed in
Germany to supply current for wireless sets. 

Sparking Plug Electrodes.

A use of heat-resisting alloys with which we are all to some extent familiar is also worth mentioning
at this point - I refer to the electrodes of sparking plugs. The manufacturers of sparking
plugs  have  succeeded  in  producing  varieties  which  we  nowadays  “fit  and  forget”  for  several
thousands of miles, but they are all anxious to produce still more lasting and efficient types and
continue to experiment with new alloys. This development work is especially necessary in regard to
sparking plugs for aircraft and other high compression hot engines.

The electrode materials most used at the present time for petrol engines are commercially pure
nickel and low manganese nickel alloys, according to replies I have received from three well known
manufacturers, namely A.C., Sphinx, Champion and Lodge.

Mr. Alec M. Lodge informs me that the firm of which he is director has tried a great number of
different metals and actually uses several kinds of material for sparking plug electrodes, where the
exact conditions under which they will be used is known; but on the whole, for engines running on
petrol, they have found nothing better than pure nickel.

The problem of sparking plug electrodes is not simply to find a material which will withstand heat
and corrosion but is complicated by the fact that the material must be a reasonably good conductor
of heat.

I am indebted to Mr. Wm. A. Clark, Managing Director of the Birmingham firm, The A.C. Sphinx
Sparking Plug Co., Ltd., for the samples of the materials here exhibited. The sectioned sparking
plug is their 42Y type, for use in moderately hot motorcycle or car engines. The 1 ft. length of
electrode  wire  (.125  in.  diameter)  is  commercially  pure  nickel,  and  the  second  is  the  2%
Manganese-Nickel Alloy. Mr. Clark points out that the negative electrode is electrically welded to
the socket, and for such welding operations the addition of manganese appears to be of advantage.

Very exhaustive tests have been made in this country of practically every suitable wire which can be
obtained commercially,  but  so far  it  has  been generally  found, having regard to  the conditions
imposed upon a sparking plug when used in an internal combustion engine, that commercially pure
nickel answers the requirements more satisfactorily than any other metal or alloy, by reason of its
comparatively  excellent  electrical  and  heat  conductivity  and  its  resistance  to  corrosion  under
circumstances such as are encountered in a sparking plug.

In America, on the other hand, pure nickel is not very much used for sparking plug points, the
preference being manganese-nickel (containing 2.5 or 4.0% manganese). Nichrome has not been
used to any great extent, but its use is being reconsidered for this purpose on account of its better
performance in connection with the new non-detonating lead-bearing fuels used over there.

Some of the sparking plug manufacturers are also using a silicon-nickel wire, in accordance with
the  following  abstracts  from  two  recent  American  patents:  (1)  in  connection  with  an  alloy



containing from 2 to 16% Silicon, the balance being nickel, the inventor claims that the silicon takes
the place of chromium at decreased cost, giving a metal which flows more freely. It offers a greater
resistance to oxidation at high temperatures; in fact, this resistance often allows for the addition of
substantial amounts of iron. With 5% Silicon in the finished alloy, as much as 40% iron may be
possible, without impairing the usefulness. Aluminium up to 3%, may be added to produce sounder
castings,  and up to  3% of  Manganese  to  increase  the  toughness.  Less  than  2% Carbon is  not
detrimental, but carbon as low as possible is preferred.
(2) The second alloy is as follows; -

and is said to be particularly adapted for spark electrodes or resistance wires. The inventor claims
that the alloy entirely avoids deterioration at high temperatures, notwithstanding the presence of a
decomposing agent. The addition of manganese increases the refractory nature of the nickel, and
silicon  or  aluminium  prevent  oxidation  during  casting  or  working.  The  Zirconium  (thorium,
caesium, uranium or titanium) may be added to operate as a catalyst, causing the union of the gases
in contact with the electrode.

Such alloys deserve mention as novelties but have still to prove their performance in commerce.

I conclude this section of the subject by adding that 22% nickel steel has also been used to some
extent for sparking plug electrodes in France, and Monel Metal has been used for this purpose in
America,  while  copper  has  also  been  so  employed  taking  advantage  of  its  excellent  heat
conductivity.

(d) Heat-Resisting Alloys in Internal Combustion Engines.

It is obvious that several parts of internal combustion engines work in conditions where they are
subjected to intense surface heating and more or less oxidation.

The cylinders have, up to the present, been made from cast iron in almost all automobile and Diesel
engines. In many cases, small quantities of nickel and chromium are added to the cast irons, but this
is rather with a view to increasing the machinable hardness and wear, than with a view to specific
resistance to heat effects.

Similarly, pistons, which were in the past almost always made of cast iron, are now sometimes
made from low alloy cast iron, but the general tendency appears to be to replace cast iron for this
purpose  with  a  better  heat-conducting  material,  in  the  form  of  an  aluminium  alloy.  A very
interesting development in this connection has been the introduction of the Nelson piston, in which
an  Invar strut compensates for the excessive thermal expansion of the aluminium alloy. Exhaust
manifolds are liable to intense heating, and in the case of aircraft, where cast iron would be too
heavy, sheet Staybrite steel and nickel-copper alloys have of late been employed.

We come now to the two parts subjected to more intense heating: the exhaust valves and sparking
plug electrodes. In (Table 9) I have shown the better-known exhaust valve alloys, the top four being
standard  B.E.S.A.  specifications,  and  the  lower  ones  being  chrome-silicon  and  nickel-chrome-
silicon alloys of recent introduction.



Enormous progress has been made in connection with materials  for the exhaust valves of high
efficiency internal combustion engines during the last 15 years, and it is safe to say that many
wartime  flying  fatalities  would  never  have  occurred  had  the  present-day  valve  steels  been  in
existence at that period.

In place of the high tungsten and high chromium steels, the modern tendency is to use silicon-
chromium or chromium-nickel-silicon steels. By far the best source of information on this subject is
the paper read by Mr. P. B. Henshaw, published in the Journal of the Royal Aeronautical Society,
March, 1927. Mr. Henshaw had kindly given lantern slides which were here shown and illustrated
the greatly superior properties at high temperatures, both as regards resistance to oxidation and as
regards  mechanical  properties.  Two lantern slides  prepared from photomicrographs  taken at  50
diameters illustrated respectively the cast and normalised state of the austenitic nickel-chromium
steel, which proved to be superior to the other types. This is known as ‘‘KE965.”

During the preparation of this lecture, the author received from Thompson Products Inc., analyses
of four materials which they use in their valves. The last of these, which they call “C.N.S.”, is not
very dissimilar from Messrs, Kayser Ellison’s “965,” but it differs in that it is not always austenitic.
By heat treatment it may be made either austenitic or martensitic, and when left in that condition
will  remain the same way after motor  heat.  Unlike KE965, which never can be hardened, this
material can be hardened on the stem and tip to resist wear to a great degree, while the head can be
left  in the austenitic condition.  The makers have been good enough to send, at  my request,  an
aeroplane engine valve (austenitic head; martensitic stem; C.N.S. valve), as used in the
Pratt-Whitney aeroplane engine. 

This valve (see Fig. 8) illustrates the most interesting nature of this material very well. I have had
the valve sectioned longitudinally for microscopical examination, and you may test for yourself
with this magnet that the remaining half which is on the table is magnetic on the stem and non-
magnetic at the head. The makers call this their “newest, and perhaps nicest material.” We will all
agree that it is a most interesting metallurgical novelty. Whether the dangers which arise from its
use offset the advantages which may accrue from having a harder stem, has still to be proved; but I
understand that experiments have been made with such steels for quite a time in this country. So far,
the  makers  appear  to  believe  that  the  advantages  lie  with  the  fully  austenitic  steels,  and  Mr.
Henshaw, whom I have questioned on the subject replies that until further experimental work has
been finished, he cannot say whether the difficulties which you will see attend this double type of
steel are overcome, However, my American information is to the effect that C.N.S. has an oxidation
resistance equal to, or greater than, the first grade of Silchrome, and has a strength at heat about six



times as great as the first grade of  Silchrome and about one-and-a-half as great as normal high-
speed, high tungsten steel.

Despite  the  great  improvement  in  exhaust  valves,  we must  still  face  the  fact  that  35% of  the
aeroplane engine failures during 1926 were traced to be due to valve failures; and it is therefore
probable that these newer materials will be given a good trial by constructors. Other features of
design, besides the material em-ployed, may help in this connection, and Mr. Charles L. Lawrence,
President  of  the  Wright  Aeronautical  Corporation  gave  interesting  details  of  salt-filled  exhaust
valves, in the Proceedings of the Royal Aeronautical Society, 1926, page 405. With conventional
design in a cylinder developing 48 h.p., the valves ran red at the junction of the stem and neck, and
finally failed at that point. The guides quickly wore out, and the engine would not last more than 25
hours at full power. A form of construction was developed with a file-hard, tungsten valve, having a
seat diameter of 2} ins.,  and partly filled with salt,  consisting of 45% sodium nitrate and 55%
potassium  nitrate,  by  weight,  and  running  in  a  hard  tungsten  steel  guide.  This  type  of  valve
construction was used in a water-cooled 200 h.p. “Hispano”, and gave the engine a life, between
overhauls, three times as long as before, running 100 or 150 hours without trouble.



(e) Heat-resisting Alloys in Guns and Rifles.

The foregoing consideration of the use of heat-resisting alloys in modern internal combustion, or
explosion, motors, caused me to review the materials employed in sporting guns, rifles, and other
firearms, in which intense heat is generated by the explosion of the charge in direct contact with the
metal of the barrel.

Two factors are readily apparent in such wear: corrosive action by any deleterious chemicals in the
explosive, and erosion by the propellant gases or bullet.

I questioned Mr. A. R. Page, of the B.S.A. Company, on this aspect of the subject, and he replied
that the materials used for rifle barrels could hardly be regarded as heat-resisting alloys, although it
is well known that superficially the bore of a rifle can become hot enough to harden, owing to the
rapid transfer of the heat from the surface through the barrel section.

The problem of rifle barrels is more that of resistance to chemical attack and erosion. Stainless steel
has, therefore, been introduced for special barrels, and is now much advertised in American papers
for sporting guns. Wear tests on infantry rifles show that low carbon steel barrels have a shorter life
than those of alloy steels of greater mechanical strength; e.g., the 0.55%, Carbon, 0.5% Chromium
Steel used on the Continent, which is said to be superior to the ordinary plain carbon barrel steel or
the 3% Nickel steel. Stainless steel (13° Chromium) has been found to give an unusually long life in
machine gun barrels.

Despite the fact that guns of all types are more or less prone to failure through the melting of the
inner surface in contact with the gases, and the sweeping away by each charge of metal taken from
the bore, highly complex alloys are not employed, so far as I am aware, in any calibres. This is
understandable when we realise that the smaller sizes give little trouble in this respect, and that in
the big naval  guns,  which do wear  out rapidly in  this  manner,  engineering strength must  be a
primary consideration and calls for steels of the nickel-chromium-molybdenum type. Were many
alloys of the same strength available, that with the highest melting point would have the longest life,
in  ‘all  probability,  although other  factors such as the chemical nature of the propellant gas,  its
temperature, and the time it is in contact with the bore, must be of importance. This particular use of
metals in contact with high temperatures differs from almost all the others we are reviewing in that
the time of contact is so short that other properties of the alloys, such as specific heat and thermal
conductivity, are probably far less important, and the melting point and latent heat of fusion are the
properties which mostly influence wear by erosion in service.

(f) Heat-resisting Alloys for Hot-forging Dies.

The demands made on hot  forging dies are  somewhat  similar  to  those made on big guns,  i.e.,
resistance to impact and to intermittent sudden heating and cooling. Hence it is not surprising to
find the use of very similar steels for both purposes.

In recent years, drop stamping has assumed such an important role in the manufacture of relatively
small parts, such as internal combustion engine connecting rods and steam turbine blades,
that the die maker has been forced to improve his technique to keep place with the demands of the
ever more skilled drop stamper’s mass production methods.

One of the best examples of this development seen by the writer was the die sinking, heat treatment
and drop stamping department of the Westinghouse Manufacturing Company, Philadelphia. In the
die sinking shop each workman has his own die block holder which can be raised much in the same



manner as a barber’s chair. He is supplied with the most modern labour-saving tools, and works
with plenty of elbow room, in daylight.

The stamping shop is equally well equipped and produces turbine blades up to about three feet in
length, with a beautiful, smooth, uniform, blue-black oxide coating.

Another example worth mentioning is the works of Messrs. A. Finkl and Sons Company, which the
writer visited in Chicago. This concern specialises in the production of die blocks and sells them to
most of the U.S.A. automobile manufacturers. They claimed to be making 1,000,000 Ibs. of die
blocks a month, and to be able to quench in water blocks as large as 60 x 24 x 18 in.

An interesting point in this connection is that all dies are quenched in water with the forging scale
left on them. It is said that they would crack when so treated if the scale had been machined off,

Nowadays, almost all dies are made of some type of alloy steel, and the simpler steels are gradually
being replaced by special ternary or quaternary alloys.

The chrome-vanadium steels  were  regarded as  unreliable  and had been discarded in  favour  of
nickel-chrome-molybdenum steels for dies of this type.

One  noticed  that  the  steel  was  received  as  large  twelve-sided  fluted  ingots  and  forged  down,
carefully working all six sides of any block.

The steel used in this case was of a composition containing Nickel, Chromium, and about 0.80% of
Molybdenum. In other respects, the dies used in the very extensive drop stamping work carried on
in the U.S.A. did not appear to differ very much as regards composition from those of the British
Engineering Standards Association, shown in (Table 10).

In general, for short runs and simple designs, carbon steels may be used, whereas for long runs or
intricate designs the alloy steel die blocks should be adopted. In small sizes the carbon range may
be  raised,  and  the  manganese  simultaneously  lowered  by  the  same  amount  (up  to  0.2%).
Manufacturing details are extremely important, and it is safe to say that no really good dies are
made from cogged billets.

The  steel,  which  should,  of  course,  be  carefully  and  exactly  melted,  poured  and  re-heated,  in
accordance with the best practice, should be finished by forging with hammer or press, the latter
being desirable for blocks larger than 8x 8 in.; and it is essential that work be done on all six sides
of the die.
Probably no steel works product requires more careful heat treatment than do die blocks, and the
personal element therefore enters in their manufacture to an unusual extent.



The introduction of the alloy steel die block, which has a higher fatigue strength and does not crack
so easily, as the other blocks and also permits more re-sinkings, has effected a saving of more than
50% in the cost of the dies in some works.

(g) The Use of Heat-resisting Alloys in the Chemical Industries.

Comparatively little has been published with regard to the use of heat-resisting alloys in connection
with  the  chemical  industries,  but  it  is  obvious  that  the  development  of  such alloys  is  of  very
considerable importance in relation to many chemical engineering processes. Indeed, the industrial
development of at least one well-known corrosion and heat-resisting steel (Staybrite), is to be traced
to the demands of industrial chemists.

Perhaps the synthesis  of ammonia is  the process which most  attracts  our attention,  and in  this
connection,  it  has been recently stated by Mr. J. G. Thompson of the Fixed Nitrogen Research
Laboratory,  Washington,  that  all  evidence  to  date  points  to  the  desirability  of  a  low-carbon,
chromium rich steel for the construction of apparatus for this purpose. As a matter of fact, however,
there is more than one process in operation, and it is not true, necessarily, that one alloy is best for
all  purposes.  European  chemical  engineers,  manufacturing  ammonia  by  the  Claude  process,  in
which corrosive gas at 500°C. is contained at a pressure of 13,500 lbs. per sq. in., conduct the
reaction in small convertors arranged in parallel, each one being heated externally and isolated and
protected,  so  that  it  can  be  examined  and  replaced,  when  necessary,  without  disturbing  the
remainder of the battery. The average life is about a year, but failures have occurred after a few
months.  In  this  method of  operation,  castings  are  employed of  an alloy  containing  about  60%
Nickel, 12% Chromium, 25% Iron and known as “B.T.G.” In American practice, however, the use
of catalytic agents makes possible lower pressures and temperatures so that the jacketted convertor
shell is only 300°C. ; and it is for this type of convertor, now made in very large sizes, that the 2%
Chromium steel is required, to withstand the penetration of hot nitrogen at 500 lbs. per sq. in. The
plant employed in the manufacture of ammonia is paralleled, to some extent, by that used in some



of  the  modern  processes  for  cracking  petroleum.  I  have  seen  these  huge  forgings  being
manufactured in Messrs Krupps’ Works at Essen, and at the Midvale Steel Company’s Works at
Philadelphia, and can only compare them, in appearance, with the largest sizes of naval guns.

List of those to whom the author is indebted for information concerning the heat-resisting
alloys mentioned in this paper.

Messrs. A. C. Sphinx Sparking Plug Co., Ltd., Bradford Street, Birmingham.
Messrs. Babcock and Wilcox, Ltd., Babcock House, Farringdon Street, London, E.C.4.
British Non-Ferrous Metals Research Association, 71, Temple Row, Birmingham.
Messrs. Birmingham Small Arms Company, Limited (Mr. A. R. Page), Small Heath, Birmingham.
The Bureau of Information on Nickel, Limited, 2, Metal Exchange Buildings, Leadenhall Avenue,
London, E.C.3.
W. Newton Booth, Esq., 49, Glenlea Road, Eltham, London, S.E.9.
Messrs. British Driver-Harris Co., Ltd., 13, Whitworth Street West, Manchester.
Centre d’Information du Nickel, 26, Rue d’Athenes, Paris (9e).
Messrs. Champion Sparking Plug Co., Ltd., 83, Pall Mall, London, S.W.1.
Soc. Anonyme de Commentry Fourchambault et Decazeville, 84, Rue de Lille, Paris (7e).
Messrs. The Cronite Foundry Co., Ltd., Lawrence -Road, Tottenham, London, N.15.
Dr. Ing. Adolph Fry, Versuchsanstalt, Fried. Krupp A. G., Essen, Germany.
Monsieur Jean Galibourg, Maitre de Conferences a l’Ecole des Arts et Manufactures, 68, Rue Victor
Hugo, Puteaux (Seine).
Messrs. Gutta Percha Company, Wharf Road, City Road, London, N.1.
Dr. W. H. Hatfield, Brown-Firth Research Laboratories, Sheffield.
Mr. P. B. Henshaw, Kayser-Ellison’s Steel Works, Sheffield.
Messrs. Hopkinsons, Limited, Britannia Works, Huddersfield.
The International Nickel Company, 67, Wall Street, New York City, U.S.A.
The Institute of Metals, 36, Victoria Street, Westminster, Londen, S.W.1.
The Iron and Steel Institute, 28, Victoria Street, Westminster, London, S.W.1.
Messrs. Kayser, Ellison and Co., Ltd., 1 Carlisle Works, Sheffield.
Messrs. Lodge Plugs, Limited, Rugby.
Mr. Geo. E. Mettham, Messrs, Allbright Castings, Limited, 20, Cannon Street, Birmingham.
Messrs. William Mills, Ltd., Grove Street, Birmingham. (For aluminium cast iron melting pots).
Messrs. The Mond Nickel Co., Ltd. (Mr. W.T. Griffiths), Research and Development Department,
Victoria Station House, Victoria Street, London, S.W.1.
Messrs. Padley and Price, Ltd., Hill Street, Sheffield.
Messrs. Poldi Steel Company (England), Ltd., Bridge Wharf, Caledonian Road, London, N.1.
Messrs. The Q and C. Co., 90, West Street, New York City, U.S.A. (For “ Nogroth’”’ Metal).
Messrs.  The  Robinhood  Engineering  Works,  Ltd.,  Putney  Vale,  London,  S.W.15.  (For  K.L.G.
Sparking: Plugs).
Dr. Ing. G. Sachs, Materialprufungsamt, Berlin-Dahlem, Unter den Eichen 86, Germany.
Messrs. The Southern Manganese Steel Coy., (Dr. F. A. Fahrenwald), 660, Ridge Avenue, Lt. Louis,
Mo., U.S.A.
U.S. Dept. of Agriculture, J. G. Thompson, Esq., “Steels best for Nitrogen Fixation,” (The Ivon
Age, Dec. 1, 1927, pp. 1518-1520).
Messrs. Thompson Products Inc., Cleveland, Ohio, U.S.A. Engineer-in-Charge, Dr. C. M. Walter,
Industrial Research Laboratories, Gas Department, The Council House, Birmingham.
Messrs. G. and J. Weir, Ltd., Holm Foundry, Cathcart, Glasgow.
Messrs. Henry Wiggin and Co., Ltd., Wiggin Street, Birmingham.
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October 28th, 1926, at the Engineers’ Club, Birmingham.)

By the Fatigue of Metals, we mean simply the behaviour of Metals subjected to repeated stresses. It
has  long  been known that  a  stress  quite  insufficient  to  cause  fracture  when once  applied,  can
produce failure of a metal when applied repeatedly, and that the number of repetitions of the stress
required to cause failure increases as the stress diminishes. I can illustrate this by an analogy; you
are  all  familiar  with some form of  bend testing  machine  and know that  when a metal  is  bent
repeatedly through a definite angle—usually 180°—it breaks after a certain number of reversals of
the bend. Now, if the angle through which it is bent is reduced, more bends are required to break the
metal; and as the angle is still further reduced, so does the number of bends required increase, - the
metal may be said to have an increased “endurance” where “endurance” is measured by the number
of bends to cause fracture. In fatigue testing we do not usually apply a definite amount of bend, but
a certain stress - which may be applied by bending, tension, torsion, etc., but the usual forms of
fatigue test consist in applying a certain stress repeatedly and. Observing the number of repetitions
required to break the test piece, that is, the endurance. We may here draw another analogy; we are
all familiar with the idea of human endurance, and know that a man can, for example, walk longer
at 3 miles an hour than at 6 miles per hour. Hele-Shaw has plotted an interesting series of limit
endurance curves for various forms of activity, distance being plotted against rate, as in Fig. 1,
which expresses in quantitative forms facts whose general truth is appreciated by all of us.

Now, if we plot an endurance curve for a metal, applied range of stress being plotted against a
number of reversals, we obtain a curve very similar in character to the “human endurance” curve.
Such a curve is obtained by testing successive specimens at decreasing stress ranges and observing
the number of reversals necessary to produce fracture at each stage. Data from such a test are given
in  Table  1,  and  the  endurance  curve  or  S/N  curve,  plotted  in  Fig.  2.  It  will  be  seen  that  the
endurance curve becomes very flat as the endurance increases, and the actual number of reversals



that can be withstood becomes very great; in fact, the particular material to which these curves
belong remain unbroken after 10 million reversals of a stress of ± 12.7 tons per sq. in. Now, there
are clearly factors which make an infinite human endurance impossible, but there appears to be no a
priori reason why a metal should not have an unlimited endurance, provided a certain maximum
stress range is not exceeded, though it is clearly impossible to prove this by direct test. Moreover,
the endurance curve for most metals does not become even approximately parallel to the reversal
axis until a very large number of reversals has been used - usually amounting to several millions,
and it  is  therefore impossible to get any useful evidence bearing on this  question without very
prolonged tests.

The difficulty of extrapolation in the case of a curve such as the S/N curve is so great as to be
impracticable. Attention has therefore been paid to the general form of the curve, and it has been
shown that an experimental equation of the form S=CNa  represents the curves very closely. If it
could be shown that the relationship expressed above were exactly held, it  would follow that a
metal must fall under any stress range, provided that the number of reversals was sufficiently great.
This is clearly brought out by plotting log S against log N, when a straight-line results, and, if the
law holds indefinitely, an extension of this line to zero stress will cut the N axis at a positive value.
Fortunately, within recent years, lengthy endurance tests involving over 100,000,000 reversals of
stress, have been made by experienced investigators and the exponential law has been subjected to a
rigorous test. In the case of steels, it has been found that the log S/log N curve is straight up to a



value of N greater than: 106 but less than 107, and that at some point the values of Log N fall off the
straight line,  and plot on a line approximately parallel  to the N axis, giving a sharp change of
direction to the log S/log N line, as in Fig. 3. 

These results, based on very lengthy endurance tests, indicate that a definite limiting range of stress
exists  for  an  indefinitely  large  number  of  reversals,  and  can  be  determined,  for  all  practical
purposes, by endurance tests carried to 10 million reversals.

The above statement applies to ferrous metals only; when we examine non-ferrous materials, we
find a rather different condition of affairs, for the evidence at present available tends to show that
the log S/log N curve remains straight to a much higher number of reversals than in the case of
ferrous metals, and correspondingly longer tests are required to disclose the existence of a true
limiting range of stress for infinite reversals. In some few cases, however, such a range has been
established, by the same process as has been described above, but it appears certain that in many
cases no limiting range can be disclosed without tests involving over 100 million reversals, and
possibly much more than this.

We have, so far, only considered this question of fatigue from the point of view of endurance and
have  shown  how  the  existence  of  a  limiting  range  of  stress  for  infinite  endurance  has  been
established in certain instances. We have not, however, dealt with the manner in which the metal
reacts to the applied ranges of stress, and to the causes which result in its fracture.

 
Bauschinger was the first investigator to undertake any systematic investigation of this kind. He
examined the changes in the elasticity of steels subjected to cycles of stress, and, in particular,
changes in the limit of proportionality, and he arrived at certain important conclusions. He was able
to  show  that  the  limits  of  proportionality  of  metals,  in  their  normal  condition,  are  not  fixed
quantities characteristic of the material alone, and that they can be varied within wide limits by the
application of cycles of stress. The limits of proportionality of any material as determined by a
primary loading he called the “primitive” elastic limit; he showed that cycles of stress altered the
positions of these primitive elastic limits, and that, after sufficient cycles has been applied new
limits of proportionality were acquired; he showed further that the values of these elastic limits
depended on the range of stress; for each lower limit there was a definite upper limit which could
not be exceeded, no matter how great the range of stress; by altering the range of stress these elastic
limits could also be altered - both could be raised or lowered - not necessarily by equal amounts.
These new limits he called the “natural’’ elastic limits. He then elaborated the theory that the range



of the “natural” clastic limits was the maximum safe range of stress for indefinite repetitions of
stress - what we now call the “limiting range of stress” or the “fatigue range.”

Bauschinger’s  experiments  gave  considerable  support  to  this  view,  though  they  were  far  from
sufficient to prove it, and it was not until 30 years later that the truth of Bauschinger’s theory was
demonstrated by the experiments of Bairstow.

Bairstow  used  an  axle  steel,  in  which  the  primitive  limits  of  proportionality  (in  tension  or
compression) as determined by an extensometer, were greater than the natural limits for reversed
stresses (equal tension and compression). Such a steel was found gradually to develop hysteresis
loops when subjected to reversed stresses of more than a certain value, and Bairstow found that
these loops attained a constant width for each stress range after some hundreds or thousands of
cycles.  The constant values of the widths of these loops increased with the applied range,  and
Bairstow plotted loop width against range of stress and obtained an approximately straight line,
which intersected the stress axis at a positive value. He concluded that a range of stress was thus
indicated  under  which  the  material  would  possess,  or  attain,  a  state  of  perfect  elasticity  under
indefinite repetitions of that range. In other words: the fatigue range is an elastic range.

Bairstow used a material in which the range of the “primitive elastic limits” exceeded that of the
“natural” limits. The behaviour of a material without primitive elastic limits affords an interesting
case. Copper is such a metal, and Gough’s work on that metal may be quoted. He used reversed
bending stresses (Wohler machine), and his results are summarised in fig. 4. A definite fatigue range
of ± 5.5 tons per sq. in. was first established by endurance tests; the development of a state of
elasticity under repetitions of a range of stress of ± 4.75 tons per sq. in, is shown in fig. 4; the first
cycle is a wide loop, showing much hysteresis; with applications of stress the loops diminish rapidly
in width, and after about 400,000 reversals the material has become sensibly elastic, and remains so
for a further 2 million reversals.



The evidence given above is a conclusive proof of the truth of Bauschinger’s theory that the fatigue
range is an elastic range.

Theories of Fatigue

We may now ask ourselves “What is the physical meaning of the facts we have been discussing?
What changes in the metal, if any, are responsible for its altered properties? Why will repetitions of
a  stress  cause  a  fracture,  where  a  constant  stress  considerably greater  produces  no appreciable
change?”  To get  some further  insight  into  these  problems new lines  of  attack  have  had to  be
devised, and I propose to describe in the remainder of this lecture, some recent experiments carried
out with a view to solving some of these problems.

There has existed - and indeed still exists in some quarters - a belief that fracture under repeated
stresses is essentially different from that due to statical stressing. For many years the belief was
widely held that metals “crystallised through fatigue” and became brittle; when this explanation had
been rendered untenable, it was supplanted by others based on Beilby’s theory, which attributed the
failure to a change of state, and the classical work of Ewing and Humfrey did much to establish a
theory  of  this  kind.  Indeed,  Ewing and  Humfrey’s  research  into  the  fatigue  of  mild  steel  was
consistent  with  most  of  the  facts  then  known,  Ewing  and  Humfrey  studied  the  changes  in
microstructure  accompanying  the  fatigue  of  mild  steel  and  came  to  the  conclusion  that  the
application of an unsafe range of stress produces slip, and the nature of slip is such that the slip-
band is a source of weakness and slip can continue between the surfaces forming that band. This
repeated slipping is held to be associated with a process similar to solid friction and to result in the
wearing away of the metal by attrition, forming a crack. On this theory, a range of stress sufficient
to cause slip within the metal would cause failure if sufficiently repeated. This theory was sufficient
to account for those cases in which the fatigue range fell within the range of proportionality, for it
was simply assumed that the elastic limit has not been sufficiently accurately determined through
lack of sufficiently sensitive apparatus. It was, however, inconsistent with some well-established
facts, and became quite untenable when investigations showed that in soft metals such as armco,
iron, copper and nickel, the fatigue range could greatly exceed the range of proportionality.

Experimental Studies of the Fatigue of Single Crystals.

In 1922 H. J. Gough and I started an experimental investigation of fatigue, using the microscope to
follow out the changes in the material, and selecting as the material, metals that had no primitive
limit of proportionality - or practically none. After certain preliminary experiments, which showed
the inadequacy of all existing theories, we arrived at the conclusion that the most satisfactory way
to attack the problem was to commence with the simplest case - a single crystal - and through the
kindness of Prof. H. C. H. Carpenter, F.R.S., and Dr. C. F. Elam, M.A., we were able to commence
with  single  crystals  of  aluminium.  In  these  experiments  tests  pieces  were  prepared,  consisting
entirely  of  one  crystal.  Such  test  pieces  were  polished  on  their  parallel  section,  etched,  and
examined by means of X-rays, so that the position of the crystal axis could be ascertained in relation
to the axis of the specimen. They were then subjected to various ranges of stress, starting with quite
low ranges,  which were gradually increased until  fracture occurred.  The various metallographic
features which appeared on the polished surfaces were observed at various stages during the test.

Now the following broad conclusions may be given at once:
1. The crystals possessed no primitive elastic limit.
2. Slip bands were formed under all ranges of stress.
3. Slip bands were formed rapidly during the first cycles of each range, but the metal rapidly
“hardened up” until no further slip bands were formed.



4. If the range of stress was sufficiently great the formation of slip bands was followed by
the formation of a crack, whose general direction appeared to follow the line of the slip
bands.

These conclusions at once throw light on to the work of Bauschinger, Bairstow, Gough, etc., and
show that the attainment of a state of elasticity through cycles of stress is really a process of strain-
hardening,  of  which  the  slip  bands  are  an  indication,  and  that  the  occurrence  of  slip  under
alternating stresses is not necessarily followed by fracture. In fact, it would seem that the metal
resists fracture because it can stiffen itself by slip to resist the applied stresses, and failure will only
occur if the work hardening of the material exceeds a certain limit. 

These  experiments  led  us  to  study  the  process  of  slip  more  fully,  and  by  making  accurate
measurements of their direction round the specimens used, we were able to prove that the. Slip
bands  were  the  traces  of  definite  planes  in  the  crystal,  and  that  these  planes  were  always  the
octahedral planes. It was, moreover, possible to determine the direction in which slip occurred, and
it was found to be always in the direction of one of the principal lines of atoms on the slip-plane.
These results confirmed the results obtained by Taylor and Elam, using static tensile stresses and
subsequent work has gone to. confirm the conclusions that aluminium always deforms by slip along
octahedral planes, and the direction of slip is along a principal line of atoms in that plane.

The most interesting results in connection with the failure of metals, and in particular with fatigue
failure,  emerge  from  a  consideration  of  the  quantitative  effects  of  slip  on  the  properties  of
aluminium. During some of our tests, we observed that as the test proceeded the crystal elongated
and the axis of the crystal “turned” with respect to the axis of the specimen, and we were able to
show that slip on a very few planes was sufficient to cause a very appreciable hardening of the
whole material; and that, even though the stress may be very greatly increased (as much as twenty-
fold), planes on which no slip had occurred still remained unaffected. A slip band, then, hardens the
metal for a considerable distance on either side of itself. Perhaps a still greater mystery lay in the
observation that, although during the act of slipping, the shear stress on the slip plane increased, slip
did not continue,  but stopped,  showing that the hardening effect is  produced as rapidly as slip
occurs - this fact being quite contrary to the supposition on which the attrition theory was based.
Further evidence bearing on the nature of slip was obtained from a study of the crystals by X-rays.
During  the  course  of  a  fatigue  test  the  crystal  structure  was  examined  periodically  and  the
interesting observation was made that, whereas the lattice parameter remained constant throughout,
towards the end of the test, when the fracture was formed, the reflections from the crystal became
sharp, indicating either that the crystallographic planes were becoming curved, or that, the crystal
was breaking up into a large number of finer crystals possessing nearly, but not quite the same
orientation. Now, simultaneously with these observations, we examined the process of slip towards
the end of the test and found that the slip bands were still essentially planes across the specimen,
and it was possible to deduce that any curvature was not general, but local, and we were led to
postulate that the effect of slip is to produce what might be described as a ‘‘rumpling” of the lattice
planes.

This  conception  of  ‘‘rumpling”’ of  lattice  planes,  which  has  been  independently  arrived  at  by
Goucher from work on Tungsten crystals, may be used to give an insight into the above-mentioned
phenomena. In the first place, the rumpling of the planes will account for the stoppage of slip, even
though the stress tending to produce it may increase, for rumpling would ‘automatically confer an
increased resistance to slip; secondly, the rumpling would not be confined to one plane, but would
extend with decreasing intensity into the metal on either side of the plane and would account for the
general hardening produced by slip on a few planes. Finally, the conception of rumpled planes can
be used to formulate a theory of fracture. It is now established that the process of straining a crystal
ultimately  causes  it  to  break  up  into  minute  fragments;  this  would  seem  to  be  but  a  natural



consequence of the rumpling process, for we may easily conceive that the rumpling of a crystal,
involving as it must intense local stresses in the lattice, cannot be carried beyond a certain definite
stage without causing the breaking of atomic bonds, causing a local discontinuity of the lattice (with
or without a phase change), and these discontinuities will be formed along the planes of slip. Now,
under reversed stresses it is clear that, provided the lattice strain (rumpling), is insufficient to cause
local breakdown, the metal will merely be strengthened by slip, but if the strain is sufficient to
cause actual discontinuities to form in the lattice, successive cycles of equal intensity would simply
add to these until the initial discontinuities became multiplied and extended into a visible crack,
which  would  follow  the  direction  of  the  planes  of  slip.  This  hypothesis  gives  us  a  logical
explanation of the formation of a fatigue crack and gives us a simple explanation of the manner in
which repetitions of a stress that has no appreciable effect when once applied, may ultimately lead
to a breakdown of the material.

If the above ideas are correct, it should be possible to separate the phenomena of slip and fracture,
for in a suitably strained material, the development of fracture ought to proceed without any slip. It
has been possible to realise this experimentally. Gough, Wright and I have subjected a single crystal
test  piece to reversals of a stress that would cause failure after a very long endurance,  and, by
polishing the surface of the test piece at intervals during the test, have been able to observe the
process of deformation as indicated by slip bands. The specimen was polished six times during the
test,  and  at  successive  stages  it  was  found  that  the  rate  of  production  of  slip-bands  gradually
decreased. During the penultimate stage the slip was confined to the two small portions subjected to
the greatest shear stress. The specimen was polished after 7¼ million reversals: when no crack was
visible, and broke after a total of 9 million reversals. Examination showed that during the formation
of  the  crack  and its  spread  through  the  metal,  no  visible  slip  bands  had been produced.  This
observation offers a very striking support for the theory of fatigue failure which we have postulated.
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(Lecture delivered to the Midland Metallurgical Societies at the James Watt Memorial Institute, on

November 20th, 1934. M. Cook Ph.D., being in the chair and some 100 persons present.)

In preparing my lecture for to-night, I am very conscious of the fact that the subject of the Fatigue
of Metals has received some considerable attention by some of the members of my audience; I
therefore decided not so much to attempt a review of the present knowledge of the subject, but
rather to discuss some of the more recent developments of interest.

(a) Fatigue Machine for testing Wire of Dowling, Dixon and Hogan.

As part  of  an  investigation  carried  out  by  Dowling,  Dixon  and  Hogan,  a  new fatigue  testing
machine for testing wire has been developed and described in a recent paper.1 In essence, the test
method consists of supporting the specimen as a “free free” bar in a magnetic steel and causing it to
vibrate by passing through it pulsating electric current of resonant frequency. The wires used in
colliery winding ropes, which have been investigated so far by the authors, range from 0.05in. to
0.135in. in diameter; at the operating speeds of the machine, viz. about 6,000 cycles per minute, the
length of specimen required ranges from 10½ to 15¼ ins. and a familiar form of stress endurance
curve is obtained. The authors give fatigue data for wires of various types which may receive the
attention of those interested. In general, their results show that the fatigue range under reversed
bending stresses, is approximately equal to half the tensile strength of the wire. In winding rope
practice, the effect of heating hard drawn wires, which occurs of course when capping wires, is of
some little importance, and this has been studied by the authors. Some of their results are shown in
Table I.

It will be seen that although heating wires to 600°C. produces a marked reduction in the fatigue
resistance, the reduction is relatively less than the reduction in tensile strength. In the case of the
single series of tests at 450°C. the tensile strength was reduced by about 16 per cent, whilst the
fatigue resistance was only just affected.

(b) Fatigue Machine for testing wire by Haigh and Robertson.

Messrs. Brunton have recently put on the market a very interesting machine designed by Haigh and
Robertson.2 The specimen is made to deflect as a chuck while rotating under the action of two equal



and opposite end forces and the bending moment and curvature of the wire vary along its length,
being greatest at the middle of the span where fracture normally occurs. I have very recently bought
one of these machines but have, as yet no results to offer. I understand that the normal speed of
operation of this machine is about 14,000 cycles per minute, but the actual speed can be adjusted.

(c) High Frequency machine at Krouse.

A very interesting high frequency rotating cantilever machine has been developed by Krouse at the
University of Illinois.3 It is driven by a small air turbine at a range of speed from 5,000 to 30,000
revolutions per minute; air pressure of 10 lb/in2 operates the machine at 10,000 revolutions per
minute, while 40 lb/in2 pressure will operate the turbine at 30,000 r.p.m.

To investigate speed effect, tests were made on a range of materials and at least two speeds both on
polished specimens and on specimens containing a notch. The results of these tests are shown in
Table II.

From these results it is concluded that up to 10,000 r.p.m., there is no appreciable speed effect when
compared  with  the  slower  speed  rotating-beam  test.  At  30,000  r.p.m.  there  is  an  increase  in
endurance: limit varying from 1,000 to 6,000 lbs/in2  for the axially polished specimen, while the
endurance limits for the V-notch specimen increased up to 3,000 lbs/in2. In each case, the stress
concentration factor for the V-notch in a given material, remained practically constant.
It is important to note that the specimens required for this machine have a total length of 2½ ins.
only and a diameter of 15/64 in; thus, considerable economy of material is affected.

(d) Combined Fatigue Stress Testing Machines.

Before examining two recently developed Combined Stress machines, we may profitably glance for
a moment at the present position of our knowledge of the resistance of metals to combined stresses.



For many cases of simple design, engineers use as a working stress, a figure based on ultimate
tensile strength and a factor of safety: this method implicitly assumes that failure is determined by
principal stress.  Yet it  is well  known that this  assumption is not of general application and the
criteria of failure under combined stress is of great interest to engineers and has received a great
amount  of  attention.  Three  aspects  are  of  major  importance:  namely,  the  criteria  governing (a)
breakdown of primitive elasticity, (b) occurrence of further yielding during the plastic stage, (c)
fracture. Then we are interested in stress systems of a static or of a cyclic nature or of a combination
of these two. Obviously, the field yet to be covered is immense and offers a very great scope for
investigation. It is an unfortunate fact that, of the experimental work that has already been carried
out, in a few cases only have the experimental conditions investigated been of sufficient variety of
type to be really discriminative. Three authoritative investigations into failure under combined static
stresses have been made fairly recently. Taylor and Quinney4 studied the plastic distortion of copper,
aluminium and mild steel. They showed that the controlling stress criterion was that of constant
shear energy (potential energy due to purely elastic strains, excluding hydrostatic contraction or
expansion) known as the Misés-Hencky criterion; this criterion was closely obeyed by copper and
aluminium and, to a less exact degree, by steel. Then, in 1933, Nadai5 published the results of some
experiments by Lodé and himself on the yielding of mild steel, these also supported the Misés-
Hencky relation. All the work referred to above was carried out on thin-walled tubes. Cook6 has
investigated the stress criteria governing the failure of elasticity of thick-walled steel tubes, also the
plastic distortion of thick cylinders of mild steel. In the first case, results were obtained which,
although  conforming  exactly  neither  to  the  Misés-Hencky  relation  nor  to  a  constant  value  of
Maximum  Shear  Stress,  were  interpreted  as  being  in  much  closer  agreement  with  the  latter
criterion: in the second case, the forces producing distortion were in close agreement with those
calculated  on  the  assumption  of  constant  shear  stress  (equal  to  that  producing plastic  yield  in
tension).  The  experiments  thus  briefly  referred  to  are  concerned  with  static  stresses  only:  the
amount of information bearing on the effects of combined fatigue stresses is extremely limited and
it may be said that a comprehensive attack on the problem has not, till recently, been attempted.
Two investigations are now in progress to which brief reference may be made. A very interesting,
combined fatigue stress testing machine7 is now installed at the University of Gottingen. It can
apply  combinations  of  static  tension,  compression  or  torsion  with  cyclic  direct  and  torsional
stresses: the operating speed is 3000 cycles/minute for the cyclic stress Some preliminary results
have been published.8 These refer  to experiments undertaken to  investigate the effect  of super-
imposed static tension on the alternating torsional fatigue limit of soft iron. Up to the point at which
the  yield  point  of  the  material  was  exceeded,  regular  results  were  obtained conforming to  the
relation:

At the National Physical Laboratory, a comprehensive investigation has been in progress, for about
two years, into the resistance of metals to combined alternating bending and alternating torsional
stresses (both actions are alternating in phase). A special machine was developed for this purpose. A
mild steel, investigated9 over the whole range from simple bending to pure torsion, obeyed exactly
the Misés-Hencky relation. Since that time, other steels have been investigated and the results have
shown that, while the Misés-Hencky relation is  not of general application, yet a general type of
relation, of simple form, expresses all the results. It may also be mentioned that a highly brittle type
of cast iron conformed very nearly to the Maximum Principal Stress criterion.



(e) N.P.L. Machine for testing plates, also, riveted and welded joints under boiler conditions.

At the present time I am studying the resistance of plates, also riveted and welded joints, to reversed
bending  stresses  while  the  specimens  are  immersed  in  hot  aqueous  solutions.  This  series  of
experiments forms part of an investigation into the causes of cracking of boiler plates. The machine
can test plates or a complete riveted or welded joint of a total width of 12 inches. The specimen has
a total length of 30 inches and as mentioned above, can be immersed while under test in a hot
aqueous solution. The machine applies cycles of repeated plane bending stresses at a frequency of
60 cycles per minute. Insufficient work has been performed to date to merit discussion, but I may
say that so far as I have gone with samples of plain plate, the fractures obtained are of the corrosion-
fatigue type rather than of the inter-crystalline type normally associated with caustic cracking.

II. Corrosion-Fatigue.

A fairly  extensive  programme  of  work  on  the  corrosion-fatigue  characteristics  of  commercial
materials is in progress at the N.P.L. It will be recalled that the majority of investigators throughout
the world in studying corrosion-fatigue, have used the ordinary rotating bar form of machine and it
appeared to me to be desirable at the outset to discover whether the results obtained from such
machines,  differed  very  greatly  from  tests  made  under  cycles  of  reversed  direct  stresses.
Accordingly, many tests were made using both types of machine and the results were published last
year.

This work having been completed, we have turned our attention to the interesting problem as to
whether the fatigue resistance of a material is determined by the range of stress or by the maximum
stress of a cycle. It will be recalled that tests in air have shown that the range of stress is determined
by the mean position of the average stress. Accordingly at the present time, the previous series of
tests is being extended to include repeated stresses also a range of pulsating tensile stress having a
high mean stress. The results of this work should be completed shortly.

In the endeavour to understand detail of the mechanism of corrosion-fatigue and in the examination
of corrosion-fatigue tests of the ordinary type, it is useful to consider what would be the optimum
value of the fatigue limit of a material. For this reason, at the N.P.L. tests of a comparative nature
were carried out on a range of materials tested both in air and in a partial vaccuum and the first
results of this work were published10 in 1932 in a paper read to the Institute of Metals. In brief, the
results showed that in the case of steel and cupro-nickel, the improvement effected in vacuum was
very small, but in the case of brass, an improvement of no less than 26%, was achieved, and with
copper of 13%. Now, with the degree of vacuum used, namely, 10 -3 m.m. of mercury, that is to say,
about one millionth part of an atmosphere, the amount of oxygen present is of course enormously
reduced but is still very considerable in terms of molecules. On the other hand, as this pressure is
less than the water vapour pressure, it appeared to me that the answer was that the effect is not due
so much to the reduction of oxygen as the fact that water could not be present, and that water
probably acted as a catalytic agent in the presence of oxygen. During the very interesting discussion
which  took  place  at  the  Institute  of  Metals  meeting  of  this  paper,  the  effect  of  atmospheric
impurities such as ammonia, and sulphur dioxide, were mentioned. Another speaker said that the
dissolved aqueous constituents commonly present in copper might also have an influence. Since
that time, we have been investigating these and other possibilities and a paper on the results will
shortly be published in the Journal of the Institute of Metals. Without affecting this publication, I
think I may here briefly describe what further work has shown. A test made on various forms of
copper prepared in different ways has dismissed the possibility that the dissolved constituents were
responsible  for  the  vacuum effect.  Tests  have  been carried  out  in  ordinary  air  and in  air  after
purification of the ordinary constituents which may have been harmful. The tests on both these
atmospheres have been carried out when the atmosphere is dry and also when it is damp. With



copper tested in the dry purified air or dry ordinary air, the fatigue limits have practically the same
value as when tested in vacuum. On the other  hand, when the atmosphere is  moist,  a  value is
obtained, even with purified air, which is equal to the ordinary atmospheric value. In the case of
brass,  the effect  of  drying in  purified  air  is  to  obtain  a  very great  improvement  in  the  fatigue
resistance although not quite equal to the vacuum value. Therefore, the results indicate broadly that
the presence of water is the chief responsible factor.

III. Fatigue testing of full-sized Components.

It is of course well known that some of the very earliest fatigue experiments were made on full-
sized members; a typical example are the well-known experiments of Fairbairn on Wrought Iron
Girders.  There  is  no doubt  that  these  early tests  were influenced by the  lack  of  knowledge of
analytical methods of determining stresses in full-sized members, coupled with the fact that new
materials were being brought into engineering service. Analytical methods of stress determination
improved and then followed a long era in which an increasing tendency to carry out tests on more
machined specimens was evident. Of course, there are obvious reasons for this. In the first place,
the testing is much cheaper, is much more quickly carried out, and requires the use of small and
simple machines.  But  recently,  however,  there is  becoming apparent  a marked reversion to  the
method of testing full-sized machined structures. Some reason for this may be the recognition of the
fact  that  in  complicated  machined  structures,  stresses  are  often  difficult  and,  in  some  cases,
impossible to evaluate. Then, fairly recent research has shown that the effect of surface conditions,
as produced during manufacturing processes, may considerably affect the resistance of the machine
or structure as a whole. I could give many examples of this modern trend - in which I may say that
unfortunately our country is somewhat behind Continental practice - but will content myself with a
few which I think will be of interest to my audience

(a) Tests on drill pipe and pipe joints.

I  quote  this  example  because it  is  a  very interesting  one in  which  commercial  production and
development are controlled by fatigue tests; again, it is more than likely that the information will be
new to most of my audience. The problem of satisfactory drill pipe” for oil wells is particularly
interesting as a problem. The service to which rotary drill pipes is subjected in digging the more
difficult wells encountered in the petroleum industry is probably the most severely abusive which
industry  inflicts  on  large  steel  members.  A drill  pipe  is  composed  of  a  series  of  lengths  each
consisting of a  seamless steel  pipe,  upset  at  each end and threaded with a  male thread having
rounded tops and bottoms. Each threaded end is screwed very hard into a fitting—called a tool
joint: this joint is fitted, on its end away from the pipe, with a coarse pitch steep taper thread. This
steep taper thread is unscrewed and screwed up again at every second or third joint of the drill pipe
every time the drill pipe is pulled out of the well for drill bit maintenance: (this repeated makeup of
the joint  dictates  very high-quality  material  for  the tool  joint).  The hole drilled in  the earth in
starting an oil well is of large diameter: the critical stress on the pipe during this stage is torsion.
After reaching a pre-determined depth, the hole is lined with steel casing of large diameter; drilling
then proceeds with a bit  of smaller diameter.  This hole is again encased with smaller diameter
casing and the process is repeated several times. Oil wells have been drilled to a depth of 10,900
feet (over two miles), Oil has been located, by geophysical methods, at 12,000 feet, and as there are
strong indications of oil all the way down to 20,000 (nearly 4 miles), the future demands on the pipe
makers  are  likely  to  be  severe.  The  chief  service  stresses  imposed  on  drill  pipe*  are  tension,
compression, torsion and internal hydrostatic pressure; these stresses may be static and dynamic
also cyclic at various frequencies. Damped resonance may be encountered, while the outside of the
pipe is subjected to scarring, denting and abrasion; in fact, no approximate knowledge exists of the
intensities of the actual service stresses. In most oil wells, the drill pipe is suspended in such a



manner that the stresses vary from tension, at the top, through a neutral point to compression over a
length of several hundreds of feet.

Many failures occur in service and these are principally of the fatigue type. They mostly occur in
the pipe at the root of the last thread, even though the thickness of the material at this point is 2½
times the normal pipe thickness. For this reason, Spang, Chalfont developed a fatigue machine in
which a complete length of pipe, including when required, a pipe joint, can be tested. This machine,
which is the largest fatigue testing machine I have come across, is of the rotating beam type in
principle. In the standard test, the pipe is bent so that the estimated induced fibre stress is 30,000
lbs/inch2(13.4 t/in2) the specimen is then rotated, by power, at 250 r.p.m.; the stress is determined by
means of a special ring gauge extensometer. The factory product is controlled and improved by tests
on specimens from representative batches.

As produced in industry, hot-rolled seamless drill pipe emerges with a decarbonised and probably
uneven  surface  and  |am  informed  that,  although  the  fatigue  limit  of  machined  and  polished
specimens cut from pipe is from + 18 to + 20 tons per sq. inch, yet no single full-sized pipe, tested
as manufactured, has yet been found to run continuously at a stress as low as +11 tons/inch2: this is
a very interesting case of surface effect.

Since failures in service mostly occurred at the threaded portion of the pipe, an experimental joint
was developed in which the screw thread is eliminated from the pipe and replaced by shrink fits on
to  a  special  form of  tool  joint.  The  history  of  this  development  is  very  interesting  as  a  good
illustration of the fact that little faith can be placed in any other kind of test if fatigue conditions are
operating. Tension tests showed that the joint was apparently stronger than the pipe. Drop tests - 
using a tup of 9,000 lbs. falling through 8 feet - showed that both types of joint would resist any
axial blow which the body of the pipe could deliver. Fatigue tests, made on the large machine,
showed however, that the fatigue strength of the joint was, in fact, less than that of the pipe itself
away from the joint.  When I was in America, the service performance of the pipe was not yet
known. I have since heard, however, that the joint has proved entirely unsatisfactory. To the great
disappointment of the firm, failures have occurred quickly after drilling a few hundred feet of hole.
Resonant vibrations are suspected of being an important factor in these failures.

I suggest that there are many features of interest in the development I have thus briefly described
that merit careful consideration from all of us.

 (b) Some current Swiss Experiments.

About a fortnight ago I saw, in Switzerland, two very interesting examples. The first arose from a
failure in a hydro-electric plant, which caused a severe loss of life. The pressure water was led to
the turbines by a pipe of about 15 feet in diameter. Sudden fracture had taken place at a section
where junction was made with a smaller pipe: a welded joint was employed. The principal loads in
operation were a considerable hydrostatic pressure with super-imposed cyclic surges of pressure.
The engineers concerned, felt that the strains set up could not be estimated with any degree of
accuracy. Accordingly, a half size model has been constructed and the system is being subjected to a
near approach to service conditions; the static and surge hydraulic pressures are being applied by a
Pulsator. The whole rig is plastered with Huggenberger extensometers, and complete records are
being obtained of the total  deformations and local strains induced. I understood that the results
already obtained are of such a nature which could not have been estimated by analytical methods.

The second problem concerned the design of a proposed cableway for transporting material and
personnel in cages running on a number of wheels on the main wire rope. The problem was to
determine the best initial tension to apply to the main rope and this was being tackled by full size



tests in what was in effect a large fatigue testing machine. I understood that the results already
obtained showed clearly that the endurance of the rope increased with increasing initial tension.
Knowing  this  result  and  considering  the  problem  from  one’s  general  knowledge  of  fatigue
phenomena, the conclusion appears reasonable, but I suggest it would have required considerable
courage for an engineer to have predicted the result and designed accordingly in such an important
and costly undertaking where failure in service would be attended by such serious consequences. 

(c) Tests on Metal Airscrews at Bureau of Standards.

It is probably well known that the development of metal screws for aircraft has encountered serious
problems  and  many  failures  in  service  have  been  experienced.  As  a  static  problem  no  great
difficulties arise. But under flying conditions, strong vibrations may be set up in the airscrew if the
period of the torque impulses - due to explosions in the engine cylinders or to the passage of the
blades past struts or other asymmetrical parts of the structure - coincide with a natural frequency of
vibration  of  the blade.  The stresses  set  up by such resonant  vibrations  may be,  and often  are,
sufficient to cause failure of the propeller. The changes of shape of the. airscrew blade render very
difficult an analytical treatment of any particular form of propeller.

The problem is two-fold. Firstly, what are the natural frequencies of various parts of the screw?
Secondly, at such frequencies, what are the relative amplitudes of strain at  various parts of the
screw? I was greatly impressed by the technique which have been recently developed at the Bureau
of  Standards,  in  connection  with  this  problem.  They  have  devised  an  ingenious  method12 of
recording cyclic strains at any desired portion of a full-sized non-rotating propeller in such a way
that the frequency and amplitude of the vibrations may be independently controlled: the method, I
would point out, is capable of more general application.

The airscrew under test is coupled direct to a D.C. Motor, the armature of which is supplied with
A.C.  current  while  the  field  is  fed  with  D.C.  in  the  usual  manner.  For  small  amplitudes  no
modification is required in the D.C. motor. The primary electrical equipment is an alternator driven
by a variable speed D.C. motor. Thus, the frequency of the impulses is controlled by adjusting the
speed of the driving motor, while their magnitudes are regulated by the excitation of the field of the
alternator. Using a 74 H.P. D.C. motor, resonant vibrations have been produced sufficient to cause
fatigue failure of the airscrew in from 5 to 10 hours: comparison of the types of fracture with those
occurring in service shows clearly the cause of the latter.

Stress distribution in the vibrating propellers is studied using Tuckerman optical strain gauges and
auto-collimators, the former being mounted on any desired portion of the screw. In this way, the
strain amplitudes at various locations can be observed at various frequencies. It has been found that,
for any given frequency and position, the strain amplitude is proportional to the tip amplitude: an
important and very useful conclusion.
By  combining  the  stresses  due  to  vibration  with  those  due  to  bending  and  centrifugal  forces,
completed in the usual way, the factor of safety of the design is determined.
 
(d) Tests on Lifting Gear at N.P.L.

In connection with a Laboratory research closely connected with the work of a committee of the
British Standards Institution, who are preparing designs of a specification for chains, hooks, rings,
eyebolts, egg-links and slings, I have been carrying out a large variety of full-size fatigue tests on
lifting gear components. The problem here is extremely interesting because in nearly every case
these components are subjected to complex. bending stresses. There is no doubt that under a static
load re-distribution of stress occurs in such members, and the actual maximum fibre stress induced
in the material is not so great as the value given by the theory of elasticity. But this is not due to an



error in the theory and, if repeated or alternating stresses are applied to such members, the effect on
the component will be exactly as predicted by the theory. I may say at the outset that if it were not
that  the  conditions  of  service  and  other  considerations  entering  into  the  problem rendered  the
number of applications coming on an ordinary component of lifting gear to be comparatively small,
there is no doubt that the failures occurring in service would be enormously increased and the real
factor  of  safety of such components  instead of  having a  value of 5 or 6 as some members of
industry still appear to imagine, actually has a factor of safety of only about 1¼. In any case, to
obtain data on these points, we have been carrying out tests on full-sized components. Some of
these have been made in our large model of the Haigh machine and others in various specially
designed machines.

 (e) Tests on Riveted and Welded Drums.

Some very interesting fatigue tests on a fusion-welded, also a riveted boiler drum, were made just
over a year ago by Messrs. Babcock and Wilcox. Hydraulic pressure of 750 lbs. per sq. inch equal
to  1½ times  the  designed working pressure,  was repeatedly  applied and removed 6 cycles  per
minute, the estimated stress induced at the test pressure across the longitudinal weld was 9 tons per
sq. inch.

The welded drum failed after 320,000 applications, fatigue cracks occurring in the neighbourhood
of the longitudinal weld. At the same number of repetition, slight slip was observed at the joint of
the riveted drum, but leakage did not occur. Each drum was subsequently tested to destruction under
hydraulic pressure. In the riveted drum, leakage at the joint commenced at a stress, in the plate, of
12 tons per sq. inch. The welded drum failed at a plate stress of 21.7 tons per sq. inch.

The tests are, of course, insufficient to form a real estimate of the relative merits of welded and
riveted drums. The 320,000 pressure applications endured by the drum represent a life of about a
thousand years if the boiler is considered as operating at that pressure in relays every 24 hours,
viewed in this way, the makers regard the behaviour of the welded drum as satisfactory. From a
fatigue aspect, the test is interesting as demonstrating the different estimates of factors of safety
derived from static and fatigue tests. From the static tests, the factor of safety of the welded drum
would emerge as 21.7 divided by 6 equals 3.6, whereas a fatigue test would give a value of less than
1.5.

IV. Fatigue tests at low temperatures.

Although the fatigue properties of metals at low temperatures is of importance in connection with
aircraft operating at high altitudes, also refrigerating plant, as far as I am aware, only one set of
reliable data have been obtained. The origin of the work is of interest. Various failures occurred, in
the American Air Service, of aeroplane stream-line wires: these were obviously due to corrosion-
fatigue. Before replacing the material of these wires with corrosion-resistant alloys of which no
experience existed in service - the question arose as to whether their fatigue properties were such
that  they  would  resist  low  temperatures.  Hence  tests  were  made13 fairly  recently,  at  Battelle
Memorial Institute. Statistics showed:



At higher altitudes, there is little change between summer and winter but, at 43/4 miles, a common
winter temperature is -40°C.: this temperature was used in the investigation.

The fatigue tests were made using a rotating bar machine running at 1,800 r.p.m. The results of the
tests are as given in the table (Table III).

In  general,  the  results  show an increase  in  endurance limit,  tensile  strength and hardness  with
decreased temperature: impact resistance is, in general, decreased.

V.  Suggested  Accelerated  Method  of  Determining  the  Fatigue  Limit.  Due  to  Moore  and
Wishart.

In view of the considerable time required for the exact determination of the fatigue limit of a metal
by endurance methods, much attention has been paid to the investigation of accelerated methods.
Undoubtedly, an accurate reliable method, particularly if it could be made on one specimen, would
be particularly valuable. 1 have explored14 very fully two methods, i.e. (a) Rise of Temperature, (b)
Strain, and my experience is as follows.

 With many metals and alloys, the value of the fatigue range as determined by accelerated methods
and  by  endurance  tests,  are  in  good  agreement:  in  some  other  cases,  serious  disagreement  is
observed, in other cases, the accelerated method fails entire Therefore, in the general, these methods
must, regretfully, be condemned as unreliable and, therefore, useless. The Power-Input method is
equally fallible. Ikeda15 investigated the change of electrical resistance under increasing ranges of
stress and claimed merely that the range of stress at which the resistance began to increase was a
“safe” range. Moore and Konzo16 studied Ikeda’s method as a means of determining the fatigue
limit and obtained some evidence of the reliability of the method. I am not impressed with its value:
in any case, it requires much more investigation on a wide range of metals. In June 1933, Moore



and Wishart17 reported the investigation of another method. The underlying idea is that cycles of
stress  less  than  the  fatigue  range  increase  the  tensile  strength  of  the  metal,  by  repeated  cold
working, while, above the endurance limit, cracks begin to develop which should reduce the tensile
strength.  Five or six specimens are each subjected to about 1½ million cycles of various stress
ranges in the neighbourhood of the estimated value of the endurance limit. Subsequently, the tensile
strengths of all the specimens are determined and plotted against the value of the stress range used
in the fatigue test: if any specimen breaks during the latter its tensile strength is allotted zero value.

Expressing  the  difference  between  the  results  of  the  accelerated  and  endurance  methods  as  a
percentage error of the endurance limit, the following values are obtained: 

As a general comment, the proposed method of estimating the fatigue limit appears to be liable to a
considerable amount of personal error on the part of the investigator; also, it is doubtful whether the
underlying principle of the test is sound. In any case, much more investigation is required.

 VI. Fatigue as a Fundamental Problem.

A fundamental problem of interest can be simply stated thus: Why do materials break under load?
To narrow the field let us confine the question to the case of ductile metals. The “metallic” type of
combination is broadly regarded, nowadays, as a state in which the positive metallic ions are held in
equilibrium  by  mutual  interaction  with  a  “gas”  of  electrons.  As  practically  no  quantitative
information is yet available of the actual forces preserving this state of equilibrium, to attempt to
find out whether the fracture of metals is in any way abnormal would appear to be “putting the cart
before  the  horse.”  Nevertheless,  the  attempt  to  frame  an  empirical  answer  by  the  methods  of
approach of tentative theory and experimental observation is certainly stimulating and may lead us
somewhere  towards  the right  answer:  many such attempts  have  been made.  The view that  the
experimentally observed values at fracture are not of the  same order as the true cohesive forces
receives a really considerable amount of indirect evidence and is widely accepted: to explain the
discrepancy, diverse theories have been advanced which include the concepts of “internal flaws,”
“surface flaws,” “loose structure” (Lockersteelan), “mosaic structure,” etc.“ I propose to confine my
remarks to the broad aspects of this fundamental problem which have emerged from the study of the
properties of single crystals - mainly under alternating stresses - with which I have been connected.

In brief, our work suggests that hardening and fracture are inseparably associated with failure of
elasticity by slip. This slip is a process of shearing along definite crystallographic directions on
definite  crystallographic  planes:  shearing  stresses  are  the  main  factor  of  importance  and  the
behaviour, in fact, proceeds according to a simple law termed the “resolved shear stress” law. After
such  deformation,  the  crystal  structure  undergoes  a  definite  change,  by  which  the  slip  planes
become ‘“distorted” in a manner that  corresponds to  small  rotations  of elements about an axis
which is contained by the slip plane and is perpendicular to the slip direction.18 This distortion has
been measured quantitatively using X-Ray methods, by Taylor and Gough, in crystals deformed



under static and under alternating stresses. It appears to me that this type of distortion must involve
the setting up in local regions - due to strained or severed atom bonds - of stresses which are very
great compared with the average stress deduced from the external loads and dimensions of the test
specimens. Fracture therefore commences in such local regions, under a certain value of static load
or range of alternating stresses. The main point is that fracture is a local occurrence, arising as a
consequence of slip and it may be that the actual straining forces set up in these regions approach
the very high values which certain physical data and theories have proposed as the true strength of
metals.

It is interesting to note some evidence, in general support of these views, which has been obtained
entirely independently. In a very recent paper19 Burgers describes the X-Ray examination of and
recrystallization experiments made on deformed crystals and aggregates. He furnishes evidence that
the  “local  curvatures”  of  the  slip  planes  are  of  the  type  I  have  previously  described.  He then
suggests that, if such a deformed crystal  is recrystallised (by heat-treatment),  there should be a
definite relationship between the orientation of the mother crystal and that of the small crystallites
formed  by recrystallization:  in  other  words,  the  new crystals  will  have  a  preferred  orientation
determined by the original orientation and the slip plane and direction. Experiments and X-Ray
studies are then quoted to show that these expectations are fulfilled with a remarkable degree of
accuracy.  In fact,  he shows that from the recrystallization texture can be deduced not only the
previous  slip  mechanisms but  that  comparative  estimates  can  be  obtained  of  the  extent  of  the
previous shearing movements. The tendency towards local recrystallization is determined by the
excess of local strain energy over the average. Time will not permit of reference to many other
interesting aspects of Burger’s paper. I make a very brief reference here to his work and to that of
myself  and my colleagues  to  indicate  that  certain  main  conclusions  regarding the  fundamental
aspects  of  failure  in  metals  are  being  arrived  at  arising  from purely  experimental  studies,  by
independent  observers,  and that  these  conclusions  point  in  the  same general  direction  and  are
certainly not inconsistent.

VII. International Co-operation directed towards the study of Materials of Construction.

I  desire  to  take  this  opportunity  of  saying  a  few words  regarding  the  present  position  of  the
International Association for Testing Materials.

Engineering development in this, as in all industrial countries, is inseparably associated with the
materials  of construction at  our disposal.  There is  little doubt that in the development of these
materials this country has played a very important part. It is equally certain that in exploring the
possibilities of these materials, in the devisement of suitable means of testing, in the carrying out of
mechanical and metallurgical researches into the properties of materials,  we have a past record
which is surpassed by no other country in the world. What have we then to gain by participation in
the work and congresses of a body such as the I.A.T.M? This is a question to which I, as one
professionally concerned to a considerable extent with testing of all sorts and, also, as a member of
the Committee of the British branch, have given very careful consideration for some years and
particularly during the past few months. I have concluded that, subject to certain conditions, the
I.A.T.M.  is  an  organisation  in  whose  activities  this  country  should  take  a  sincere  and leading
interest. While we have much to teach other countries regarding materials, it is undoubtedly a fact
that we have much to learn. The primary object of the I.A.T.M. is to hold international congresses,
normally  at  three  yearly  intervals.  By  means  of  summarising  papers,  very  useful  work  is
accomplished  in  making  generally  known  the  latest  developments  in  all  matters  relating  to
materials. But even more highly would I value the opportunities afforded by these congresses, for
the nationals of various countries to make mutual acquaintance and discuss present day problems
which often are not mentioned in the literature.



A word as to the present position of the I.A.T.M. Those who attended the Zurich Congress of 1931
will agree with me that it was a great success. It will also be recalled that, at that Congress, an
invitation was extended to hold the next Congress in London in 1935. Since 1931 many events have
transpired. The full depths of the industrial crisis descended on this country: the sales of the Zurich
Congress Book fell so far below estimate that, at the present time, the I.A.T.M. is still in debt:
interest in the work of the Association has, in many countries, diminished. The Association has
suffered the loss of its President, the late Dr. W. Rosenhain. As a result, a 1935 Congress in London
will  definitely  not  take  place.  With  regard  to  the  debt:  the  British  Committee  attaches  great
importance to the liquidation of the debt and has decided that, until this is effected, it cannot co-
operate in the arrangements for the next Congress, although it is keenly interested in the objects and
aims of the I.A.T.M. As British delegate to the Permanent Committee, it was my task recently to
express this policy to the Committee at a meeting held in Zurich. The principle was accepted and
commended and every effort, I was assured, will be made to this end. What result will attend the
efforts of the Committee to collect the necessary money | cannot say: that depends entirely on other
national organisations as this country has already contributed its allotted quota in full. But the view
was expressed at Zurich that the debt will be liquidated in a few months from date. The Permanent
Committee is extremely anxious that the next Congress shall be held in London in 1936. Assuming
that the conditions of the British Branch have been fulfilled, I consider, personally, that this country
should make every effort to promote the 1936 Congress and make it a complete success. To this
end, it is necessary that every present member should continue his interest in the I.A.T.M. and, also,
should exert real efforts to obtain new members (the total British membership at the moment is less
than  90,  an  entirely  inadequate  number  in  view  of  our  national  interest  in  the  objects  of  the
I.A.T.M.). In the hope that members will determine to make such effort, I venture to-night to refer
to the present position.
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SOME PRACTICAL PROBLEMS CONNECTED WITH METALLIC CORROSION.

U. R. Evans, D.Sc.,
Cambridge University.

 
(Report of a Meeting of The Midland Metallurgical Societies held at the James Watt Institute,

Birmingham, on 28th September 1944. Dr. J. W. Jenkin was in the Chair, with over 100 Members
present)

The Chairman, in opening the proceedings, said that by long tradition the Co-ordinated Societies
liked to make their initial Meeting of the Session especially attractive by inviting eminent visitors to
speak on subjects which they had made particularly their own. It was therefore most fitting that Dr.
Ulick Evans should be present this evening to address the Meeting in his own field of Corrosion.
The work he had done on this subject was known throughout the world and had for some time been
the admiration of his fellow investigators,

SUMMARY.

Corrosion  research  is  particularly  important  at  the  present  time  since  the  solution  of  certain
outstanding problems is likely to decide whether iron and steel will have to be abandoned in certain
situations in favour of more expensive materials. Three sets of corrosion problems are being studied
in the Cambridge University Corrosion Research Section. These are:

I. Protection of Iron and Steel Carrying Mill-Scale Residues, Rust, Water and possibly Grease.

Such surfaces can be protected---
(i) by removing the foreign matter mechanically or chemically;  shot blasting has certain

special advantages. An excellent protective system consists of shot-blasting followed by aluminium-
spraying from the wire pistol, with a final coat of paint on the sprayed surface. 

(ii) by the development of paints suitable for direct application to contaminated surfaces. Of
those  under  study at  Cambridge,  cementiferous  (inorganic)  paints  and organic  paints  so  richly
pigmented  with  zinc  dust  as  to  constitute  a  conducting  layer,  have  shown  promising  results.
Specimens of rusty steel carrying a single coat of zinc-rich paint applied outside the rust, with a
scratch-line penetrating the coat so as to expose the bright steel, have been kept in sea water for two
years without the production of any fresh loose rust. 

II. Safe and Efficient Inhibitive Treatment for Cooling Systems.

Whereas cathode inhibitors are usually inefficient, and anodic inhibitors are apt to be dangerous
(intensifying attack if added in insufficient amount), it seems likely that the alternate use of the two
may provide a combination which is both safe and efficient. 

III. Corrosion Fatigue. Experiments have shown that steel subjected to alternating stresses may
have a shorter life if exposed to corrosive conditions for a short period, followed by the exclusion of
corrosive  influences.  than  if  the  corrosive  influences  operate  throughout  the  whole  period  of
exposure.  This  emphasizes  the  danger  of  relaxing  precautions  against  corrosion  even  for  short
periods. If corrosive influences can be excluded completely, there should be no breakage, provided
that  the  stresses  are  below the  fatigue  limit.  Zinc-rich  paints  considerably  prolong  the  life  of
specimens exposed to alternating stresses in a corrosive environment, although they do not prevent.
corrosion fatigue altogether.
INTRODUCTORY REMARKS.



Practical Importance of the Solution of Corrosion Problems.

There has probably never been a time when the future of industrial, and engineering methods has
depended  so  much  on  the  solution  of  certain  corrosion  problems  as  is  the  case  to-day.  Some
practical men are suggesting that the ‘Age of Metals’’ is approaching its end, and that the ‘‘Age of
Plastics’? is  about  to  open. Such an opinion would seem to be exaggerated,  since metals  have
certain properties which plastics cannot reproduce; wherever it is desired to transmit heat or conduct
electricity, metallic materials remain a necessity, Others hold that the “Iron and Steel Age” is likely
to give place to the ‘‘Age of Non-Ferrous Metals.” Such an opinion at least merits consideration.
The main complaint against iron and steel is that, although admittedly cheap and physically durable,
they lack chemical stability. No-one will deny that certain non-ferrous materials may provide real
benefits  in  situations  where  iron and steel  are  proving unsatisfactory.  The aluminium alloys  in
particular offer great possibilities,  since,  apart  from the convenience of the low weight/strength
ratio, they offer considerable resistance to corrosion in some environments, Nevertheless, it would
seem a pity to abandon a cheap and plentiful material for a more expensive one without good cause.
Probably most economists would agree that such a policy is hardly likely to lead to an improved
standard of living. It is therefore a matter of national, and indeed international, importance to decide
whether in some of the situations where iron and steel are to-day causing dissatisfaction in regard to
corrosion, the problem could not be solved by applying the understanding of corrosion processes
which has been gained in the laboratory during the last. twenty years.

Problems of Special Importance. 

Three  main  groups  of  important  practical  problems  are  under  examination  in  the  Corrosion
Research Section at Cambridge University. The policy has been to use the scientific knowledge of
the  mechanism  of  corrosion  now  available  in  planning  methods  of  avoiding  the  trouble.
Experiments  are  then  carried  out  to  ascertain  whether  the  expectations  based  on the  scientific
argument are realised. Such a course provides a prospect of reaching a successful solution more
quickly than would be likely by empirical. hit-and-miss methods: moreover it serves as a check
upon the accuracy of the views reached in the pure science work, for if the expectations emerging
from them are not borne out by experiment, the views clearly require modification.

The three groups of problems are:
(1)  the  protection  of  steel  surfaces  which  have  reached  a  condition  in  which  ordinary
painting methods fail to give protection.
(2) the evolution of a safe and efficient inhibitive system for rendering cooling-waters non-
corrosive.
(3) the avoidance of cracking due lo corrosion fatigue or to various forms of embrittlement,

It  is  proposed to present  a  short  account  of the Cambridge work on these problems.  including
references - necessarily inadequate - to results obtained elsewhere. Certain gaps in the information
provided arc rendered necessary by security considerations. 

PROTECTIVE COVERINGS.

The Effect of Matter Shut in between Paint and Metal. 

It is common knowledge that certain painting schemes which afford excellent protection to steel
free from mill-scale, rust., moisture and grease, often give poor results when applied to surfaces
carrying these forms of contamination. The most obvious solution is a cleaning operation, which
may be either chemical (e.g., pickling). or mechanical (e.g., sandblasting or shot-blasting). Of these,
shot-blasting is ‘to-day receiving rather special attention, since. unlike pickling, it avoids wetting



the surface, leaves no hydrogen charge and introduces no risk of silicosis to the workers (as does
sandblasting); moreover, it brings the surface into a state of lateral compression, which in itself
reduces the susceptibility to fatigue and corrosion fatigue. The merits of shot-blasting as a means of
obtaining a clean, resistant surface have been advocated, rather particularly by Turner.1

The superior behaviour of paints applied to cleaned steel - as opposed to a weathered surface - is
well brought out by Hudson and Fancutt in their description of certain corrosion tests at Derby
carried out  for  the Protective  Coatings  Sub-Committee of  the  Iron and Steel  Institute.2 Similar
conclusions  had been reached in the  main researches  of  the Iron and Steel  Institute  Corrosion
Committee,3 and  also  in  the  exposure  tests  organized  from Cambridge  University  which  have
embraced  a  number  of  different  painting  schemes.4 There  can  be  no  doubt  that  the  practical
advantage of cleaning steel-work before painting is very great; the cost which is not very serious
where the process can be carried out on a large scale, will soon be repaid by a lengthening of the
period which can be allowed to elapse between repainting

Aluminium-Spraying.

 If, however. it is decided to clean a steel surface by shot blasting, it is worth considering whether,
before any paint is applied. the surface should not be covered with metallic aluminium applied from
the  wire pistol.  Studies  on the  protection of  steelwork by sprayed metallic  coatings  have  been
carried out for many years at Cambridge University,5 and both zinc and aluminium have given good
results.  Each  metal  can  confer.  under  suitable  conditions,  protection  even  at  places  where  the
coating  has  been  interrupted  by  a  scratch  line,  leaving  the  steel  bare.  This  protection  at
discontinuities in the coat is electrochemical, and involves the sacrifice of the (anodic)
metal coating around the discontinuities; when the coating has disappeared in the vicinity of the
scratch-line, the cathodic current density on the exposed steel may fall too low to give protection,
and corrosion will then start. Consequently, it is desirable to choose a metal for the coat which is
corroded just sufficiently quickly to confer cathodic protection on the steel exposed at the gap, but
not more quickly than is necessary for this purpose. An aluminium coat is corroded less quickly
than zinc, and in certain environments (e.g., immersion in hard water) is not attacked sufficiently
quickly  to  confer  cathodic  protection  on the  exposed steel.  But  in  most  ordinary  atmospheres,
aluminium will furnish protection to steel at a discontinuity in the coat, and in such cases, it would
seem to be more suitable than zinc as a protective covering. 

As a result of early laboratory work at Cambridge, it was decided to expose outdoors a number of
aluminium-sprayed  steel  specimens  at  stations  representing  urban.  marine,  country  and  mixed
atmospheres. This set of tests was started by Britton in 1931, and, at three out of the four stations,
lasted seven years. The spraying was kindly carried out by Mr. W. E. Ballard. In cases where no
paint was applied outside the aluminium-sprayed coats, there was some deterioration of the coating,
which was seriously altered at the London station, but no rust had appeared anywhere. In cases
where a single coat of cheap iron oxide oil paint had been applied outside the sprayed aluminium
layer,  the condition was almost  perfect (apart  from soot)  after  seven years’ exposure -  even in
London.

These tests were terminated just before the outbreak of the war, and the results suggested that a
promising method of protecting steel would consist in aluminium-spraying followed by a coat of
paint.  Practical  experience,  accumulated  during  the  period  of  hostilities,  has  confirmed  this.
Interesting results, which may now be mentioned, have emerged in connection with the protection
of cylinders containing hydrogen for balloon barrages. These cylinders have to be exposed to all
sorts of conditions - including marine and tropical atmospheres - and, since if is essential to reduce
weight to the minimum, they have relatively thin walls, so that a small amount of pitting would
have  serious  consequences.  Fortunately,  however,  the  protective  system  indicated  has  proved



reliable,  and  reports  of  the  state  of  cylinders  exposed  to  severe  conditions  have  been  most
encouraging.6

Paints for Uncleaned Surfaces. 

The cleaning of steel surfaces by shot blasting or pickling is only economical where the process can
be applied on a large scale.  In  small  jobs,  the application of paint  to  steelwork which carries’
residual mill-scale. rust, moisture and frequently oil, often cannot be avoided. Two types of paints
have been considered at Cambridge which, at least in some cases, seem to afford hope that the
painting of surfaces to-day considered as “unpaintable” may become a practical possibility in the
not-too-distant future.

The first type - the  cementiferous paints -  have been developed within the Cambridge University
laboratory, but it is not permissible to discuss then to-day. except to say that, being based on an
aqueous vehicle, they will automatically take up any moisture which is present on the surface, that
they are specially suitable for use on rusty steel and that with certain modifications, they can be
made to emulsify, and thus render harmless, small amounts of oil or grease present on the surface.

The second type - the zinc-rich organic paints - has been developed more or less independently at
different places,  and indeed certain zinc-rich organic paints are to-day on the market.  Much of
Mayne’s  work7 at  Cambridge  has  been  devoted  to  studying  the  mechanism  of  the  protection
afforded by such paints even when applied to rusty steel surfaces, and to over-coming some of their
defects.

Mayne has found that any paint coat pigmented with metallic  zinc dust can be regarded as an
electrical conductor if the zinc-content is sufficiently high, so that the individual particles of zinc
are pressed into contact with one another. This is true, whatever vehicle is used. But with certain
vehicles,  such  as  linseed  oil,  the  mixture  containing  the  necessary  proportion  of  zinc  dust  is
incapable of being brushed out on metal, and must he applied with a palette knife, which is, of
course,  not  a  practical  proposition,  If  the  vehicle  be  polystyrene  or  chloro-rubber,  mixtures
possessing the required zinc-content are easily brushable; the films after drying contain about 95 per
cent. by weight of metallic zinc.

If such paints are spread out on clean, bright steel, and a scratch-line is pierced through the coat
after it is dry, and if the specimen is then immersed, say, in sea water, the steel bared at the scratch-
line receives cathodic protection, just like steel carrying an electro-deposited or sprayed coating of
metallic zinc. There is nothing surprising about this, since all parts of the zinc in the paint coat are
in electrical contact with one another, and the particles at the base of the coat will be in electrical
contact with the clean steel. But it is also found that if these zinc-rich paints are applied to rusty
steel, protection is still provided at a scratch-line. Mayne’s electrical studies8 have shown the reason
for this. Although in the opening stages there is no electrical. connection between paint coat and
under-lying steel, such a connection develops later, because the zinc at certain places reduces the
rust to metallic iron (or possibly to magnetite), so that a conducting bridge is formed through the
rust coat, connecting the zinc and the steel basis. Since there is good lateral conductivity along the
paint,  a  limited  number  of  these  bridges  will  serve  to  put  the  whole  paint  coat  in  effective
connection with the basis, so that the cathodic protection at discontinuities is easily understood.

An interesting feature of Mayne’s electrical studies is that zinc-pigmented coats which are found to
be in electrical contact with the steel basis in the early stages often cease to be in contact later. This
is probably due to the fact that the zinc particles in the innermost layer of the coat become used up,
so that the connection is broke. Nevertheless, protection of the steel continues, probably because,
during the earlier period whilst the connection still existed, zinc hydroxide was deposited on the



exposed steel  as  a  cathodic  product  of  the  electrolysis  of  zinc chloride  (formed by the  anodic
reaction), so that any iron salts formed subsequently at such places will be precipitated by the zinc
hydroxide as  adherent rust in physical contact with the metal. This adherent rust will possess a
protective character, and will smother further passage of iron into solution, so that the loose, non-
protective  type  of  rust  characteristic  of  uncoated  steelwork  is  not  formed.  The  formation  of
adherent, protective rust in long-continued experiments at a scratch-line on specimens painted with
zinc-rich paints and immersed in seawater has been observed in the laboratory,

Whether or not the explanation given is completely correct, it is a fact that specimens of rusty iron
carrying a single coat of zinc-rich polystyrene paint, with a scratch-line pierced through the coat so
as to expose bright steel, have been partially immersed in sea water in the laboratory for about two
years without the formation of any loose rust. Specimens carrying two coats of similar paint have
been exposed by Dr. Harris on a raft in the sea at Millport for about two years. And are practically
uncorroded. There is some fouling on them, but it is actually much less than on specimens carrying
two coats of commercial anti-corrosive paint followed by a commercial anti-fouling coat, since here
intense corrosion has set in and the rust has pushed away the anti-fouling coat. The fault would
seem to lie less with the commercial anti fouling preparation than with the so-called anti-corrosive
coats on which it  has been applied, since the same commercial anti-fouling preparation applied
upon  a  cementiferous  coat  (which  has  prevented  the  under-rusting)  has  successfully  stopped
fouling. Nevertheless, it is too early to assert that these new paints can solve the problems of marine
painting, and indeed m their present form they suffer from certain defects, one being a tendency to
develop blisters in some situations.

Blistering. 

It is an unfortunate fact that several high-duty paints. otherwise, satisfactory. are prone to blistering.
Mayne has devoted some work to the study of blisters, which he finds can be developed on steel
coated  with  a  clear  lacquer  and immersed  in  sea  water;  thus,  they  are  not  confined  to  paints
pigmented with metallic zinc, although for reasons stated later such paints are especially susceptible
to the trouble.

The cause of the blistering is apparently as follows. Electro-chemical principles indicate that the
migration  of  cations  to  the  cathodic  points  and  of  anions  to  the  anodic  points  causes  the
concentration below the lacquer to become locally higher than in the liquid outside.9 At the cathodic
points the product,  sodium hydroxide,  tends to loosen the paint, as shown in the author’s early
work,10 and the difference of concentration between the cathodic points below the lacquer and the
sea water outside is largely relieved by water being drawn inwards through the lacquer by osmosis,
causing the coat to swell up into a blister. At the anodic points, the product is ferrous chloride,
which will not loosen the coat, so that the concentration difference cannot be relieved by osmotic
intake of water  but must  be relieved by the diffusion of ferrous chloride outwards through the
lacquer. Thus, at the cathodic points there arise loose blisters full of alkaline liquid--as Mayne has
observed – whilst at the anodic points there is no loosening of the coat, but a production of adherent
rust nodules.   

Blistering is particularly liable to occur on painted steel near the waterline, since the locally good
supply of oxygen makes the water-line zone cathodic, so that alkali is here produced in excess. It is
especially characteristic of paints pigmented with zinc or aluminium, since in such cases the steel is
itself cathodic towards the pigment. Consequently, the alkali is formed between the paint coat and
the steel basis, and the zinc-rich paint itself rises as a blister. 

In other cases, the zinc-rich coat may remain adherent, but the coats covering it may rise. This
sometimes  occurs  when  the  zinc-rich  coat  is  covered  with  a  commercial  anti-fouling  paint



containing a copper compound. In such a case,  metallic copper is likely to be deposited at  the
junction between the coats.  and the alkali  formed at  the cathode of the cell  zinc/copper,  being
liberated between the two paint coats, often causes the anti-fouling paint to rise in blisters, the zinc-
rich paint remaining adherent. This tendency of an anti-fouling coat applied on a zinc-rich coat to
blister  has proved a serious drawback to the use of zinc-rich organic paints on ships,  but it  is
believed that the trouble is capable of being overcome. If so, the zinc-rich paints should play a very
valuable part in preventing marine corrosion. of steel.

Although the mechanism suggested probably accounts for the blisters met with on the special paints
under study at Cambridge, it must not be assumed that it is the only, possible cause of blistering.
Vernon and Wormwell,11 whose work on marine corrosion is of very special interest,  write: “In
conditions of rapid movement of painted steel specimens in sea water (natural or synthetic) small
blisters usually appear before there Is any sign of corrosion anywhere on the specimen. When a
blister breaks. the steel beneath is at first bright and uncorroded, remaining so for one or two days
and  then  beginning  to  rust.”  If  there  are  several  different  causes  of  blistering  the  problem of
prevention clearly becomes more difficult.

SOLUBLE INHIBITORS.

Safe and Dangerous Inhibitors. 

It is well known that certain substances such as potassium chromate, sodium hydroxide or sodium
phosphate, when added to water in sufficient quantities, render it completely non-rusting, so that
iron  remains  bright  indefinitely  in  water  thus  treated,  Unfortunately,  if  the  addition  of  soluble
inhibitor is insufficient to stop corrosion entirely, the attack is actually intensified. As pointed out by
the author in a theoretical paper,12 this is generally inevitable where the inhibitor is one which acts
by suppressing the anodic reaction. If an anodic inhibitor is added in insufficient quantities, so that
the corroded area is diminished, then, if the corrosion rate were controlled purely by the anodic
reaction, the corrosion rate would be diminished in the same proportion as the corroded area, and
the intensity of attack (the corrosion per unit area of the part affected) would be unchanged But if
the corrosion rate is controlled even in part by the cathodic reaction, the rate of attack will diminish
less quickly than the corroded area, so that the intensity of attack will actually be increased. This
intensification of attack by insufficient additions of soluble inhibitors is particularly dangerous if
the water contains chlorides. For the amount of inhibitor needed to stop attack is then greater, owing
to the penetrating power of chlorine ions, and the localized attack will be met with at a higher total
concentration where the rate of total corrosion will be greater.

This intensification of attack by insufficient additions of inhibitors is a serious practical problem
where  chromates  or  alkali  are  added  to  prevent  corrosion  in  cooling  system.  Even  when  the
additions may appear to be adequate, intense corrosion may set in at inaccessible crannies. or under
heaps  of  settled  debris  -  places  unfavourable  to  the  necessary  replenishment  of  the  inhibitive
chemical. which is consumed in stifling corrosion. Under such conditions, perforation of a cooling
tube or jacket may occur more quickly than if no inhibitor had been added at all. Consequently,
there is to-day great hesitation in recommending this type of soluble inhibitor.

The same theoretical argument which predicts that intensification may arise from the use of anodic
inhibitors  in  critical  amounts,  indicates  that  no  corresponding  danger  attends  the  adoption  of
cathodic inhibitors. Unfortunately, cathodic inhibitors are inefficient in the sense that even when
added in excess they fail to stop corrosion entirely; moreover, there are special circumstances where
even cathodic inhibitors may intensify attack.13 Thus it would seem at first sight necessary to choose
between anodic  inhibitors,  which  are  efficient  but  not  safe.  and cathodic  inhibitors,  which  are
reasonably safe but not at all efficient.



Combination of Anodic and Cathodic Inhibitors. 

Theory suggests that if cathodic and anodic inhibitors were used in conjunction, a system might be
evolved which was both safe and efficient. An attempt has been made to use chromic acid and
magnesium hydroxide simultaneously. the mixture being known as ‘‘basic magnesium chromate.”
Experiments  at  Cambridge  by  Thornhill14 indicated  that  this  combination  had certain  attractive
properties. Under conditions where heat was being transmitted to the liquid through the steel, it
caused no intensification even if added in insufficient quantities to stop attack entirely; furthermore,
it proved capable of putting a stop to rusting, even where it had already been allowed to start before
the  inhibitor  was  added.  Unfortunately,  under  stagnant  conditions,  in  the  absence  of  thermal
circulation, the inhibitor was found to be ‘‘dangerous’’ in the sense used above; when if was added
in insufficient quantity, the loss of thickness, as measured with an electrical micrometer devised by
Thornhill for the purpose. was worse than that caused by the same water not treated with inhibitor.

Attempts were then made to use anodic and cathodic inhibitors alternately, and here the results are
more hopeful. Thornhill has found that if a steel specimen is immersed on alternate days (1) in
natural water containing small amounts of potassium chromate15 (an anodic inhibitor) and (2) in the
same water containing zinc sulphate (a cathodic inhibitor), both inhibitors being present in amounts
insufficient. to stop corrosion altogether, the corrosion tends to fall off with time and may after
some weeks become negligibly slow At this point it may be possible to keep the steel in natural
water containing no inhibitor at all and some days elapse before corrosion sets in again. When it it
often does, it often starts at a point not previously attacked, so that the tendency is to spread out
corrosion, rather than to intensify it. Results suggest that this method of inhibition will enable small
amounts of chemicals to be used without serious fear of intensification even when attack is not
prevented completely. The matter is still under study, and different natural waters behave somewhat
differently,  but  there  is  at  least.  some  prospect  that  the  researches  may  lead  to  the  “safe  and
efficient” inhibitive treatment which has so long eluded discovery. .

CORROSION FATIGUE.

The Problem. 

It is generally agreed that fatigue is responsible for a considerable proportion of the more dangerous
allures met with by engineers. Provided that corrosive influences can be excluded. it should be
possible avoid fatigue even under conditions of alternating stress, simply by  ensuring that stresses
are every everywhere below the fatigue limit of the material selected; the fatigue life should then be
infinite. Unfortunately, if corrosive influences are present, there is no fatigue limit; probably most.
engineering fatigue failures are really due to corrosion fatigue in the early stages, although later the
crack may extend by pure fatigue.

The Danger of Brief Exposures to Corrosive Conditions. 

The mechanism of corrosion fatigue is under scientific study at Cambridge by Tchorabdji, whose
results,  although  at  first  sight  academic,  have  led  to  one  conclusion  of  considerable  practial
importance.  Tchorabdji  uses  a  two-stage  procedure  somewhat  different  from  the  well-known
method of McAdam. In the first stage he subjects his specimens (actually steel wire) to alternating
stresses in presence of potassium chloride solution (a special feeding device maintains a clear-cut
ring of liquid on the wire at the chosen point), After this (corrosion fatigue) stage has proceeded for
the required time, the flow of liquid is stopped, the specimen cleaned and wiped dry, and alternating
stressing (at the same stress range) continued in the absence of corrosive liquid, until the specimen
breaks. The time needed for breakage in the second stage is a measure of the residual strength left in
the steel after the corrosion fatigue has done its work.



Since Tchorabdji works below the fatigue limit, the life in the absence of a corrosion stage should
be infinite. But he finds that a short exposure to corrosive conditions may reduce the total life to a
few hours.  If  the  corrosion  fatigue  stage  is  continued  for  a  longer  period,  the  total  life  again
increases. In other words, a short exposure to common conditions may be as dangerous or more
dangerous than a longer exposure. The practical application of these results is obvious. If in some
machine, vehicle or structure corrosive influences can be continuously excluded, alternating stresses
involve no danger provided that they do not exceed the fatigue limit. If during a comparatively short
period. vigilance is relaxed, and corrosive influences gain access to the metal, corrosion fatigue will
set in and the crack will continue to extend even if shortly afterwards the precautions are renewed
and corrosive influences once more excluded. The insidious character of corrosion fatigue becomes
evident.

 The Prevention of Corrosion Fatigue. 

It  becomes  a  vital  necessity  to  discover  methods  of  combating  corrosion  fatigue  and  here
considerable work has been carried out by Huddle,
whose experiments16 show that corrosion fatigue life can be considerably prolonged by painting
with zinc-rich paints of the organic or cementiferous type. Specimens of mild steel, subjected to an
alternating stress range of +/-10 tons/sq.in. And a frequency of 1250 rev./min, in sea water break
after 1.7x 106 cycles. If the specimens are painted with zine-rich polystyrene paint, the life exceeds
8.4  x  106  cycles.  His  results  suggest  that  the  protection,  although  partly  mechanical,  is  partly
electrochemical,  and can thus operate at  gaps in a coat.  It  seems likely that the failures due to
corrosion fatigue could be rendered less frequent by protective measures of this character, although
it cannot be claimed that the trouble has been overcome. Moreover, protection by painting is not
applicable to bearing surfaces, or other places where there is no clearance.

OTHER PROBLEMS.

Policy Regarding Corrosion Problems. 

There seems to be a reasonable prospect of obtaining in the not-too-distant future at least a partial
solution of the problems already mentioned. Other corrosion problems exist. or will arise in future,
perhaps  suddenly.  —  It  would  be  useful  to  know  how  far  Concerns  (whether  Government
Departments or Private Firms) intend to tackle corrosion problems within their own laboratories,
and how far they propose to parcel them out to laboratories which specialize in such problems, In
the former case, there will be a demand for men with research experience in corrosion. and it is very
doubtful whether there is anywhere a means of meeting that demand. Certainty al Cambridge the
only possible reply to-day to a firm which enquires for a trained corrosion investigator is that, if the
firm cares to endow a piece of research for, say, two years, it can at the end of the period have the
first claim on the man who has carried it out. It is. of course, possible that the situation may soon
radically change, but, if there is prospect of the demand continuing, there should be a plan to meet
it; and if such a plan exists to-day, it is unknown to the author.

Conditions of Work in Laboratories Engaged on Industrial Problems. 

Whilst the subject of the supply of young University men to industrial posts is under discussion. a
few general remarks may perhaps be permissible on the sort of conditions which will best enable
such men to carry out useful work; these do not refer exclusively to men engaged on corrosion
problems. Some hesitation is felt in introducing this subject, but it is probably as important to the
Department or Firm as to the young men that the matter should receive attention, since clearly a



keen scientist will better serve his employers if he remains a keen scientist instead of degenerating
into a weary hack.

The young man leaving the University has usually an up-to-date knowledge of his subject, based on
the interest which he feels in it and which has given him the urge to study it. He lacks, of course,
technical experience, and is likely to be of limited value to his employers until this experience is
gained; if, after a few years, he has gained experience and still possesses an up-to-date knowledge,
he will be of great value. If he has not kept abreast of advances made in his subject, his value will
be no greater than when he took up the post. Now he will only keep up with his subject if he
remains so interested in it that he still feels the urge to read and think about what appears in the
journals; if he is made to work long hours in the Works Laboratory, with little or no access to
libraries, returning home tired in the evening, it is certain that he will not read iv his own time, or, if
he does still read, he will do so unintelligently.

For this reason alone, it would seem that a system of long and inelastically regulated hours in a
Works Laboratory is simply bad business. But there is another reason for maintaining conditions of
work which will keep the scientist fresh and alert. Each of us occasionally experiences a “brain-
wave” - the arrival of some inventive idea which suggests how what, by any obvious procedure,
will require a week, can be accomplished in a day. On purely financial grounds, brainwaves are
things worth cultivating, but they occur most often when the brain is fresh, and comes back to a
problem af'ter a period of relaxation. I believe that the practice of giving young scientists two weeks
holiday a year is a sure way of restricting brainwaves to a minimum, and that the doubling of this
period would pay for itself in the quickening of inventive faculties.

 After all, the Corrosion Fatigue of Metals is a minor tragedy compared to the Corrosion Fatigue of
Men.

APPENDIX.

METHOD OF STUDYING THE ELECTRICAL CONNECTION FROM A ZINC-PIGMENTED
PAINT COAT THROUGH THE RUST LAYER TO THE STEEL BASIS.

Current Method. 

If a horizontal plate of zine or zinc-coated steel is covered with filter paper soaked in sea water and
a freshly cut edge of a steel strip is pressed vertically on to the same paper, both horizontal and
vertical steel being joined through a reversing switch to a milliammeter, a current will flow in a
direction indicating that the zine is anodic towards the steel strip. If instead of a zinc plate, a steel
plate covered with old, compact rust as a result of outdoor exposure is used, the rusty steel will be
found to be cathodic to the freshly cut edge. If a zine-pigmented paint has been applied outside the
rust on the steel plate, the latter will be found to be cathodic if the zinc is out of contact with the
steel basis; but if conducting bridges exist penetrating through the rust layer. and establishing good
connection between coat and basis; the zinc-painted steel will be anodic. This simple test serves to
indicate whether the currents flowing will be in the sense calculated to confer cathodic protection
upon the bright edge of the vertical strip and furnishes some idea as to whether the paint coat is
likely to offer electro-chemical protection to bare steel which may become exposed at some scratch-
line penetrating the coat. Unfortunately, the magnitude of the currents, and even (in border line
cases) their direction, depend somewhat on the history of the strip previous to the test, and Mayne
has preferred to use a potential test furnishing results which are probably more reproducible, ° 



Potential Method. 

If a piece of clean steel is painted with zinc-rich paint, so that there is perfect contact between zinc
and steel, and perfect exclusion of the sea water from the rust layer, the potential measured on a
potentiometer against, say a calomel electrode should be similar to that of solid zinc. If the paint is
applied outside a coat of old rust, in such a way that there is no contact between zinc and steel basis,
and if the sea water can penetrate through the zinc coat to the conducting part of the rust below. the
potential  should  be  the  same as  that  of  uncoated  rusty  steel.  In  intermediate  cases,  where  the
electronic resistance (R) of the metallic bridges connecting steel and zinc coat is of the same order
of magnitude as the electrolytic resistance (ζ) of the liquid paths penetrating the zinc coat to the
compact rust below, then the potential will (Fig. 1) lie between that of zinc (Z) and that of rusty
steel (S), and if (R+ζ) is so high that the current flowing between zine and steel is small, it will fall
at such a point, X, that

In the more general case where the current flowing is  sufficient  to  cause polarization,  the two
potentials  will  move towards  one another,  as  shown. by the polarization curves A and C, thus
diminishing the resultant E.M.F. The current strength will attain that value, i, which will leave a
residual E.M.F., represented by the intercept Z’S’, equal to i(R+ζ), since this value is just sufficient
to force current i through the resistance (R+ζ). The potential taken up will be represented by the
point X’ on the intercept such that

 It  follows  that  any  change  which  improves  the  contact  between.  zine  coat  and  steel  basis
(diminishing R) will, provided that r is not altered, cause the potential to move towards that of zinc,
whilst any change unfavourable to the bridging will, given constancy of ζ cause it to move in the
opposite direction. Thus, the shift of potential with time gives information regarding changes in the
connection between zinc-rich coat and steel basis.
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THE AERIAL LINER.
Lt.-Col. V. C. Richmond, O.B.E. B.Sc, A.R.C.S, A.F.R.A.S.

(Read before the Society on 11th October 1923.)

I feel it a great privilege to have been asked to address your Society this evening on the subject of
airships. It is nearly five years since, towards the end of the War, I had the honour to deliver a
lecture in this city on the same subject.  It was natural at that time that restrictions were imposed on
the information which could be made public. It is probable, however, that many of you have since
learnt  more  of  the great  efforts  which  were made during  the  War,  in  this  important  branch of
aeronautical engineering, and therefore I propose to-night to deal with this aspect only very briefly,
and to confine my remarks chiefly to the post-war period, in which most important events have
taken place bringing us to the threshold of a far-reaching scheme of airship development in this
country.

The duties carried out by British airships during the War were almost entirely confined to marine
reconnaissance and other forms of Naval co-operation, and this naturally had its effect on the type
of craft which was built. In carrying out, during the War, their 2¼ million miles of reconnaissance,
the airships ranked as one of the most important “eyes of the Fleet,” and it is no exaggeration to say
that many a convoy owed its safety to their unceasing patrol.

Owing to its long endurance and hovering power the airship is peculiarly fitted for this class of
work, and if time permitted, I could show you many slides illustrating how it fell to the lot of the
airship to witness so poignantly the drama of the War at sea. One or two examples will suffice.

A continual search for that grisly monster - the floating mine - was carried out, and many of these
were destroyed by rifle fire from the air.

Often were the ships called to the scene of some ghastly wreck, or to mark the spot where some
derelict floated as a perpetual danger to those who bravely carried on with their lawful avocations.
It may truly be said that our “devastated area" lies on the bottom of the sea, and I think it may be
fairly claimed that the airship played an honourable part in ensuring that the scattering of our ships
and treasure did not become an impossible burden too heavy for our nation to bear. Sometimes the
airships had the satisfaction of seeing that their sting was fatal, and one of their last war-time duties
was to assist at the surrender of the German Fleet.

The sole acquaintance of some folks with the airship has been through the unpleasant medium of
the raids made on this country by the Zeppelin. The ease with which these airships were ultimately
brought down, with the aid of the incendiary bullet demonstrated their uselessness at the time for
this particular object, but it must not be overlooked that under the incentive of these raids our late
enemy was led to make wonderful progress in the construction, navigation, and handling of these
craft.  It  must also be conceded that prior to the War Germany had carried out most successful
pioneer work in demonstrating the valuable passenger-carrying capacity of airships.

Before leaving this purely military aspect of my subject I should like to say just this. The ease with
which the raiders were destroyed during the War should not lead us rapidly to assume that the
airship is a useless vulnerable craft for all other purposes. Even on this question of incendiary attack
we cannot shut our eyes to the fact that an airship—quite as large as was used by the Germans
during the War—namely the American Z.R1, has recently carried out most successful trials filled
with non-inflammable Helium gas. This gas increases the difficulty of the destruction of such an
airship a hundredfold. I know that Helium is a comparatively rare gas, but when its great value for
increasing the safety of airships for both military and civil purposes becomes to be fully realised, it



is difficult to believe that the great efforts made by geologists to discover new sources of supply,
and by physicists to discover cheaper methods of extraction or even manufacture, will not bear fruit.
Further, with the increased size of airship, which it is now possible to construct, the problem of
providing  powerful  defensive  armament  both  in  the  nature  of  guns  and  fighting  aeroplanes,
becomes simplified. This increase in capacity also means increase in speed, height and endurance,
all of which aid the airship considerably in avoiding its enemy, the aeroplane, and in carrying out,
on the extensive trade routes of our Empire, those reconnaissance duties which proved so effective
during the war.

That this is not merely a personal opinion may be gathered from the statement made in the House of
Commons in July last  by the Secretary of State for Air.  He said: “The Committee of Imperial
Defence attached considerable Strategic value to airships. whilst the Imperial Shipping Committee
considered that it was by means of airship services that the carriage of mails could be expedited to
the Far East and Australia.”

I trust I need not apologise in speaking to a Society such as this, if I now deal briefly with the
question of the technical progress in airship construction which has been made in this country in the
past, and which is in sight in the near future.

War-time duties were carried out almost exclusively with the non-rigid type of airship which lent
itself fairly easily to mass production. This type is unsuitable for large capacities, and hence would
not be used for passenger and cargo-carrying duties, but for patrolling our coasts it was almost
ideal, A start was made by taking the fuselage of an aeroplane, complete with engine and landing
chassis, and attaching it to a gas bag provided with fins. From this the so-called SS.Z. class of
airship with a more suitable gondola and a gross lift of 2 tons was developed. The longest patrol
carried out by a ship of this class was 52 hours. This was followed by the Coastal Class (gross lift
6½ tons) and the NS class (gross lift 10 tons). The longest patrol carried out by the last-mentioned
class was 101 hours. Progress in rigid airship construction was somewhat delayed owing to a late
start and ships of this type were not produced in time to be effective during the war, but making all
allowances for the fact that a good deal of information was gained from captured German zeppelins,
it must be conceded that very considerable efforts were needed to produce such an airship as R.34
in so short a time, compared with the German experience of nearly 20 years.

A series of slides in chronological order were shown to illustrate some of the ships which were
built, and also the evolution and improvement in design.



R.9 External keel, centre line gondolas, with propellers on swivelling arms, the long parallel sided
shape, and the complicated tail fins.
R.23. Somewhat similar, but with simplified tail fins.
R.29. Here the keel has been transferred to the interior in order to minimise air resistance.
R.31. The previous ships were built of duralumin; this ship was built of wood. This ship is notable
for the improved shape, the neat appearance of the navigation car and detached power units,
so arranged that the slip streams of the various propellers do not interfere with one another.
R.34. A great improvement in the shape of the hull leading to decreased resistance will be noted.
R.36. This airship has slightly greater capacity than R.34 and is provided with a passenger car
having comfortable dining and sleeping capacity for 50 persons. A’ further improvement introduced
in this airship consisted of strong, hollow, cantilever fins, which reduced the amount of external
bracing required and hence the resistance of the airship.

There is no doubt that a shorter and fatter shape of hull could lead to a reduction in resistance, but it
must be remembered that this would mean an increase in the height and be limited by shed capacity.
There is also considerable difficulty to be anticipated in building the huge transverse rings which
would be required, (Those in R.34 were 78 feet in diameter). This was made much clearer by a slide
illustrating the internal construction of a large modern airship. This picture showed the internal keel,
the hollow base of the cantilever fins, and also the arrangement and nature of the lattice girder
work. In connection with this girder work, the members of this Society are doubtless aware that
very considerable progress has been made in the production of strip metal in steel and duralumin,



and the subsequent rolling and drawing of this strip into forms which are specially economical in
weight for aeronautical purposes. Improvements in girder work are therefore well in sight, and it is
highly probable that for sizes of airships such as will presently be built, it will be possible to employ
steel economically, 1 do not anticipate any great vibration difficulties, and by the use of alloy steels,
or such methods of protection as have now been satisfactorily developed, the life of an airship hull
can  be  made very  considerable,  I  do  not  think  that  six  or  seven years  would  be an  excessive
estimate, From the point of view of passenger-carrying, petrol constitutes the chief danger. The
hydrogen may be regarded as the secondary and not the initial cause of any fire which may arise, In
this connection it is encouraging to note that progress in the construction of engines burning only
heavy oil is so far advanced, that it is probable that passenger ships will be run entirely on this fuel,
and their safety will be thereby enormously increased,

A very neat form of power unit has now been developed, and in future these units would be
made easily and quickly detachable and interchangeable, even when an airship is riding at a mast,
so that machinery can be kept constantly tuned up without the delay and complication of taking
engines out  of  the airship.  There are  many improvements  in  the covering,  gas  bags,  ballasting
arrangements, etc, of the airship, which are in sight, but with which there is no time to deal here.

I will now deal with some of the more important post-war events, and not the least amongst these is
the remarkable pioneer flight of R.34 to America and back. This flight consisted of a journey out of
3,400 miles in 108 hours, and a journey back of 3,200 miles in 75 hours. This must not be regarded
in any way as a merely fair-weather performance, and in fact one very severe electrical disturbance
was encountered. It would be equally unfair to regard it as purely a stunt, It called for considerable
skill in piloting and navigation and provided a unique opportunity for studying the meteorological
conditions of the upper air.  Incidentally,  it  must be remembered that there was no airship shed
available in America. The convictions of those who maintained that the airship could safely ride out
on a mooring of wires were fully borne out. 1 shall have occasion to refer to this point more fully
later.

Beyond slight machinery troubles, and the strain on her outer cover, the ship was no worse for her
epoch-making flight. I think you will agree that my remarks at the outset as to the nature of this
fight were fully justified, Real difficulties were encountered, and overcome, and a real test of the
strength of the structure was made. This vessel,  with a gross lift of just  over 60 tons made an
eminently practical demonstration flight.

It  is,  perhaps,  remarkable  that  the  moral  of  this  flight  has  not  sunk  home with  greater  force.
Regarded in the light of the many parallels which history supplies of engineering progress, it seems
unthinkable to me that any invention which has been brought to the pitch indicated in the story of
this flight, should ever stand still; It is unthinkable that the airship cannot be developed as a safe and
speedy vehicle for improving our Imperial communications. It is perhaps unnecessary to emphasize
the fact  that  recent  discussions have shown how urgently this  improvement  is  needed. Without
being unduly imaginative, the case does not appear any more hopeless to me than was that of the
Rocket, or the early motor car,

I now turn to the question of handling and mobility. This has long exercised the minds of airship
personnel, and very considerable progress has been made in this direction. Provision of sheds is a
serious item, and the operation of getting a ship into its shed is sometimes most tricky. Large parties
are required to land an airship in a wind, which again is an expensive matter.

During the War it was found impossible to provide sufficient sheds for the large number of small
ships which carried out patrol duties. These ships were therefore worked from mooring out bases,
usually formed as a cutting in a wood, At sea it was found possible to tow airships, and even to



exchange crews on the tow rope. Ships could also be landed on the water for the purpose of taking
on crew or stores. Small ships were also satisfactorily operated from aircraft carriers.
The principle that an airship should always remain in its natural element, the air, and that berthing
in  a  shed should  only be regarded as  an emergency dry docking operation for  repairs,  is  now
generally accepted. It was inevitable that much attention should be turned towards the possibility of
allowing airships to ride out in the open freely moored. The first experiments were made with wire
moorings, and various arrangements of these wires were worked out in order to obtain maximum
stability  and  avoid  jerking.  Such  a  system  would  manifestly  be  unsuitable  for  embarking
passengers, but it can be easily and cheaply provided on emergency landing grounds, so that an
airship can find safe anchorage when in difficulty.

Attention was then turned to the design of mooring masts and by the successful evolution of this
purely British invention,  a  great  step forward has  been made in  increasing the mobility  of the
airship in minimising the dangers of landing and the expense of operation.

Small hand operated masts were first evolved for non-rigid airships. A special swivelling fork was
provided at  the head of the mast  to  receive the nose of the airship.  The nose of the non-rigid
envelope is not sufficiently strong and rigid to be moored at a single point. The mooring of a large
rigid airship required the evolution of a much more pretentious mast.

An early experiment was made with R.24. The scheme in this mast was as follows: A ball was fixed
in the nose of the airship and a rope passed through this ball through a fitting in the head of the mast
which consisted of four hinged leaves which could close over the ball. The top of the mast rotated
so that the airship could keep in the direction of the wind when locked to the mast. The operation of
mooring consisted in securing a rope from the mast to a rope from the nose of the ship and drawing
the ship in horizontally until the ball was secured. These experiments demonstrated conclusively
that the airship could remain moored to the mast in all sorts of weather and winds, certainly up to 45
m.p.h.  but  they  soon  indicated  the  many  difficulties  which  remained  to  be  overcome,  in  the
operation of landing, and I think these are of sufficient interest  for me to outline them briefly.
Owing to air bumps, changes of temperature, etc., it was found impossible to keep an airship in
perfect trim and absolutely neutral equilibrium. For this reason, horizontal approach to the mast was
out of the question, and it was found best to give the airship a positive buoyancy, so that it could be
hauled down vertically to the top of the mast. This necessitated special reception gear, which had to
be provided with buffers to take shock. Mooring is better carried out in a wind than in a dead calm
because in the latter case a slight disturbance may cause the airship to override the mast head, which
may then stab the underside of the nose. When the nose of the airship is approaching the mast head
on a short length of rope, it tends to “kite” badly, and it is difficult, unless special provision is made,
to make the nose fitting approach so that it will easily register in the fitting at the mast head.

To overcome all these difficulties, a new head was designed, principally bv Major Scott, and with
its aid some very successful experiments were carried out at Pulham in 1921.

The mast  is  100 feet  high,  although for  ships  of  say  five  million  cubic  feet  capacity  it  might
conveniently be somewhat  higher,  say 150 ft.  The method of landing which is  employed is  as
follows:

A mast wire is led from the main winch up the mast, passed through the mast head and led to a point
on the ground about 800 to 1000 feet to leeward of the mast. The airship carries a landing wrte 500
to 600 feet long, which is passed through the mooring fitting to the nose of the ship and paid out to
three-quarters of its length.



The pilot then flies his ship up to the snatch party, which consists of two men at the end of the mast
wire, bringing his ship down to within about 300 feet of the ground, when over the snatch party be
allows the remainder of the landing wire to run out, at the same time going astern on his engines,
and releasing ballast forward. The snatch party connect the two wires together by means of a special
connection, and the ship rises slowly until at the fall length of the wire, a height af between 1,000 to
1,200 feet.

The pilot then trims his ship, the best trim being about 2° to 3o down by the stern, and about 25 cwt.
light. When the pilot is satisfied that his trim is correct, he signals to the mast head by means of a
green flag by day or a green light by night, the mast wire is then slowly hauled in, bringing the ship
down to the mast. When within about 500 feet of the ground, two other wires known as the yaw
guys, are let down from the nose of the ship, these are attached to two ground wires which are led
through blocks about 500 ft. from the mast, and so arranged that they lie on one either side of the
ship, and about 30° abaft the beam. The ground wires are hauled in by the side guy winches and
kept taut during the remainder of the landing; they serve to steady the nose of the ship and prevent
her surging sideways or forward. These side guys were not originally employed but were found
necessary after the first few landings. Their introduction definitely solved the problem, converting a
job requiring exceptional skill into one merely requiring care,

The receiving gear consists of a telescopic arm mounted on gimbals.  The mooring rope passes
through this  arm,  which  in  consequence automatically  leans  in  the required direction,  A freely
mounted solid cone is fixed in the nose of the airship, and this ultimately is seated in a hollow cone
at the top of the telescopic arm.

When the cones are locked, further tension on the rope telescopes the arm against buffers, and it is
then locked in a central position.

The work of refuelling and regassing an airship at in very simple, Gas pipes, petrol pipes, and water
pipes are carried up the mast, and connected through flexible tubing with the mains in the ship,

The gear employed was somewhat primitive, A proper passenger mast would he provided with a lift
and specially designed surging winches would be provided in place of the old ploughing winch,
which was employed at Pulham,

I now come to an important aspect of our subject,  namely,  foreign airship activities,  and more
particularly those of Germany. Under the Peace Treaty, Germany was obliged to hand over to the
Allies the airships which were in her possession at  the Armistice,  and to refrain from building
others, A number of airships were unlawfully destroyed before the Commission of Control arrived,
but those remaining were shared amongst the Allies, Amongst these were two comparatively small
ones, unlawfully built by Germany after the Armistice, and known as the Bodensee and Nordstem,
These ships, although small, were in some respects remarkable, They were built to test certain fresh
ideas of the Zeppelin constructors, and attained the remarkable speed (for an Airship) of 84 m,p,h,

This was partly due to their improved shape, which is shorter and fatter than in the case of previous
ships. These ships were built with comfortable passenger cars, and did, in fact, carry out quite a
notable amount of passenger carrying. Also amongst the ships handed over to the Allies was the
L.72,  renamed  by  the  French  “Dixmude,”  This  airship  has  just  accomplished  a  remarkable
continuous record flight of close on 5 days in duration, during which a distance of 4,400 miles was
covered, As part reparation for the ships unlawfully destroyed a special airship is now being built at
the Zeppelin Works for the United States of America, This ship will embody the very latest features,
and is expected to make the journey from Lake Constance to New York either late this year or in the
spring of next year.



It is encouraging to note that the airship company, which is shortly to be formed in this country,
hopes to secure the co-operation of the Zeppelin designers and constructors. If 1 had time I might
dwell on the fact that an agreement has been fixed up between the Zeppelin Company and Spain for
the inauguration of a service of airships between that country and South America, that France is
constructing the largest airship sheds in the world at Orly, that the Americans have now constructed
a rigid airship in their own country and have spent vast sums in the production of Helium. These
facts are, however, sufficiently significant to speak for themselves.

Now we are brought to the threshold of a great scheme, which must inevitably exert a profound
effect on our future history. The Secretary of State for Air announced in Parliament in July last, that
the Government had agreed in principle to a comprehensive scheme of civil airship development
put forward by Commander Burney, M.P. Details are being proceeded with so as to enable the
project to be launched as soon as possible—probably in the New Year at latest. So we are to have
our Aerial Liners at last!

The necessary bases are to be constructed and six large airships are to be built for the running of a
bi-weekly service to India, which will ultimately be extended to Australia. The airships are to have a
capacity of five million cubic feet, and the possibilities of such craft are almost revolutionary.

Allowing for contrary winds, such an airship could carry forty-four tons of passengers and goods
for 3,000 miles, at a speed of 80 miles per hour, without stopping to re-fuel. This means that it
would be possible to transport 200 passengers and 11 tons 0f freight to India in three and a half
days, with only one stop at Cairo.

Each passenger would be allowed three large suitcases for personal luggage. As far as comfort is
concerned, the airship would be supreme. There would be less motion and noise than is experienced
in an ordinary express train. Proper cabins, dining and smoking saloons would be provided, and
even bathrooms,

Even in R.36, which has only a capacity of just over two million cubic feet, a comfortable passenger
car for 50 persons has been constructed.

When the utility of these five million cubic feet airships as patrol ships for the Navy is considered,
their possibilities appear even more startling.

On reconnaissance work only, the bulk of the 44 tons referred to above could be used for extra fuel,
and the distance which could be covered at 80 miles an hour would be just under 10,000 miles—
England to Australia without a stop! This is actually a much greater range than is possessed by any
steam vessel yet built, even at 20 miles per hour. For most reconnaissance work a speed of 45 miles
per hour would be sufficient, and the airship at this Speed, would be capable of remaining in the air
without refuelling for 20 days, covering in that time 20,000 miles—four-fifths of the distance round
the equator.

That I am not romancing may be gathered from the record performance of the Dixmude, which I
quoted just now, and which ship has a capacity of only just over 2¼ million cubic feet.

We must not be impatient—there is much to be done before the actual service can be put into
Operation, An airship base cannot be constructed in a day, The huge works at Cardington, near
Bedford, which will form the hub of this great enterprise must be enlarged and restarted, A cautious
programme of experiment must be scrupulously carried out in order to guarantee absolute safety
and reliability of the airships for passenger carrying. It is anticipated that it will be possible to carry



out a trial run to India in a year and a half to two years from now, and that a weekly service may be
in being in about 4 years’ time.



METALS IN AIRCRAFT STRUCTURES

J. D. North, Esq. F.RAeS, F.R.Met.Soc., M.I.Ae.E.
Chief Designer, Boulton Paul Ltd.

(Lecture given before a joint meeting of the Co-ordinated Societies in the Chamber of Commerce
Buildings, New Street, Birmingham, at 7 p.m., on October 10th, 1929, W. C. Gray, was in the chair.)

INTRODUCTION.

I much appreciate the honour done to me in inviting me to-night to speak to you on metals from the
point of view of an aeronautical engineer. I have in the title found it necessary to limit my theme to
aircraft structures, in order to enable me to deal in some detail with the subject and in particular
with that part of the general subject of aircraft materials which my experience best enables me to
discuss.

I should like to make it quite clear from the outset that I am dealing with the problem from the point
of view of the engineer and that I make no pretensions to be a metallurgist, and those of you who
are professionally engaged in metallurgical work will excuse my shortcomings in this direction.

There are three fundamental features in the problem of aircraft structures, both for heavier-than-air
(aeroplanes) and lighter-than-air (airships). Firstly, the members of the structure have to be very
strong for their weight; secondly, they have to be very light for their size and thirdly the structures
as a whole have to  be of considerable size,  particularly in relation to nature’s flying creatures.
Dimensional theory plainly demonstrates the difficulty of retaining light structures with increasing
size,  particularly  with  heavier-than-air  machines  and  the  necessity  of  having  members  of  the
structure light for their size introduces problems of local stability and naturally puts a premium on
materials of low density. The property of lightness for strength can be well expressed by the specific
properties, 

and  the  like,  the  specific
stability properties by the value of

Some such specific properties are set out in Tables (1) and (2). The specific elastic properties of
good structural materials are remarkably uniform; in specific strength steel holds the field with
some disadvantages due to its greater absolute density than the alloys of aluminium or magnesium,
necessitating its use in thinner and thus less stable forms.

The structural members of aeroplanes consist of ties, compression members (struts) with simple end
load, and compression members with simple or compound lateral loads and sometimes torsion in
addition (beams). Some few members are subject to torsion or torsion and bending and in some
shear forces predominate.

The mechanical properties inherent in a material are not the sole criteria of its suitability for aircraft
construction; the facility with which the material can be manipulated and joined and its ability to
withstand complex and varying stresses are important; and cost naturally plays an important part;
though the price that can be paid for structural economies is high.





These metals are used in the form of castings - sand and die - extrusions, bar, hot stampings and
forgings,  hollow blooms and solid  drawn tubes,  sheet,  strip,  wire  and rods  swaged to  sections
‘varying along the length. It is important to explain that the conventions for the specification of an
aeroplane and an airship structure associate external loads under certain specified flight conditions
with the maximum loads the structure can sustain; the term “load factor” is used to express the ratio
between normal loads and the aforesaid maximum, At the same time it is necessary to ensure that
under working conditions the structure shall not be plastically deformed to an objectionable extent.
Thus, by specification of load factors appropriate to the type of craft and the flight conditions to
which they are to be applied, the maximum loads which members of the structure have to withstand
can be determined by conventional assumptions and methods of aerodynamics and structural theory.
Naturally, these load factors have only a real empirical significance when associated with these
conventions - only so can there be effective correlation between design and experience.

The case of materials for tension members is the simplest. The lightest member will be that made
from the material with the highest specific maximum stress. In order to define the resistance of the
material  to  permanent  strain  the  term  ‘‘proof  stress’’ -  the  tensile  stress  at  which  the  plastic
deformation is one tenth per cent - has been adopted. The significance of ‘‘proof stress’’ will be
discussed in more detail later. On the assumption that 3/4 of the breaking load may properly be
associated with the amount of permanent strain the maximum permissible stress is taken as 4/8 x the
proof stress, or the actual maximum stress of the material whichever is the smaller.

Elementary Strut and Beam theory is based on the assumption of a perfectly elastic material and in
practical aircraft struts and beams the maximum loading - if it is not reached by reason of instability
within the elastic range - is associated with the falling away of stress/strain diagram (the stretching
of material) the consequent shift of the neutral axis and the fall in the apparent value of E. (the slope
of the stress/strain diagram). Needless to say, this applies to the compression stress/strain diagram
even more than to the tension diagram. The grave practical difficulties in measuring directly the
compression stress/strain diagrams with materials in thin sheets and strips are obvious. Fortunately,
in a large number of metals, particularly in the hardened and tempered state, the compression and
tensile mechanical properties are similar. In the case of material of a particular composition and
condition concerning which there is considerable experience a tensile test may, as an inspection
measure, furnish adequate evidence of its ability to resist compression stresses. The whole question
of the mechanical properties in compression of thin sheet and tube materials is very complicated,
and as it is from this that most of the important beams and struts of metal aeroplanes and airships
are made, the question is also important. Most of the accumulated experience of tests on specimen
struts and beams is associated with the proof stress and M.S. of the material of which the members
were made. The Elasticity and Fatigue Sub-Committee of the Aeronautical Research Committee
have for some time been examining this problem, but I am not as yet in a position to discuss the
progress made and the interesting experimental evidence which has been accumulated.

If we consider the “proof stress” merely as an_ inspection requirement - and it is in this connection
that it is of most interest to manufacturers of material - there is still some difficulty. Originally the
proof stress was defined as the greatest load per square inch, which, when applied to the test piece
for 15 seconds and removed produces a permanent extension of not more than 0.1% of the gauge
length. Later a suggestion of the writer to take measurements without removing the specimen by
specifying a value of E. to be assumed was adopted as a practical inspection procedure. Experience
has led us to believe that this method is open to error - two points only on the diagram being, in
effect, measured.

As the result of experimental work in the course of a research contract for the Air Ministry carried
out by Boulton & Paul, Limited, we came to the conclusion that the proof stress should be measured
from  an  accurately  determined  stress/strain  diagram  since  any  unreliable  test  work  could  be



detected by reason of the irregularity of the extensions measured or apparently abnormal values of
Young’s Modulus. Internal micrometers or dial indicators have been found practicable means of
strain measurement, and for this work have been preferred to proprietary designs of extensometers.
Truly  axial  loading is  of  first-class  importance and the  axial  loading shackles  designed by the
Mechanical Testing Department of the Royal Aircraft Establishment have proved very successful
and  practical.  Some  criticism  has  properly  been  made  respecting  the  influence  of  creep  at
atmospheric temperature on the form of the diagram, and, strictly speaking, the rate of loading
should  be  specified.  This  is  most  noticeable  in  certain  classes  of  heavily  cold  worked  steels,
particularly when they have not been blued (e.g., reheated to 400°C). In such materials prolonged
cold creep may occasionally be observed even to have a marked effect on the maximum stress
recorded. In hardened and tempered materials at least, the difficulty is a scientific one rather than
one of practical engineering and good repeats are obtainable with considerable variations in the rate
of loading. Our experience in testing specimens of hardened and tempered steel strip have led us to
believe that for a particular cast of steel the ratio of Maximum Stress and Proof Stress at a given
heat treatment is approximately constant and advantage can be taken of this to allow the quicker and
simpler determination of Maximum Stress as an acceptance test once the ratios for the cast have
been established. This method of specification has been adopted for two classes of steel strip, viz
D.T.D. 46 and D.T.D. 54 as shown in Table 3.

Boulton and Paul have developed a process of continuous heat treatment for sections form rolled or
drawn, and the specification was drafted to suit the requirements of this process (see Fig. 1.). The
hardening of the test specimens is specified as follow:



“Hardening shall be carried out by heating to a temperature not exceeding 1,000°C. for D.T.D. 46,
or  860°C.  for  D.T.D.  54,  and  cooling  in  air.  The  whole  period  of  heating  shall  not  exceed  2
minutes.” This is in order to ensure that solution and diffusion will allow a sufficiently rapid rate of
passing through the furnace into the cooling and setting. For the same reason measurements of M.S.
are required to associated with annealing heats, the state of the carbide after which may be expected
to  influence  the  hardening  and  tempering  times.  The  heat  treatment  of  the  formed  strips  is
controlled by the temperature of the furnaces and the rate of drawing, verified by observation of the
strip temperature within the furnace by means of a Bowen (Radiation) pyrometer and sentinels.
Verification of the effectiveness of the heat treatment is by hardness tests, e.g., with the Rockwell
Hardness Tester, using the related tensile test specimens as standards and verifying by stress-strain
experiments on check specimens cut from the finished sections. This procedure was adopted for the
many thousands of feet of formed section for the Airship R. 101., and on large quantities of sections
for aeroplane work since, it has proved completely reliable. In order to ensure freedom from stress
cracks it is necessary to check the ductility of the material. Naturally in strip, where there is no
opportunity  for  cross  rolling,  there  is  a  pronounced  fibre  and a  marked  difference  in  ductility
parallel and normal to the fibre. The test adopted for aircraft steel strip is a 180° bend about an axis
parallel to the direction of rolling (transverse bend). This method of checking the ductility has its
origin in the properties demanded of a strip which is to be formed in the hardened and tempered
state. For strip hardened after forming it may not be the most direct; indeed, reverse bending or a
notch test is possibly better. A great amount of experience is, however, available of material so
specified  and  tested,  and  if  the  test  be  accurately  carried  out  it  is  probably  sound  from  an
engineering standpoint. Where the bend in thin materials is carried out by bending in a vice over a
radius plate or pressing into a vee block of hard metal the specimen may be subjected to a bend
more severe (i.e., over a smaller radius) than intended. The mechanical testing department of the
Royal Aircraft Establishment proposed to bend by pressing with a former into lead. This test has
been found to give very accurate results. We have designed a bend tester for the quick application of
this test using taper formers to give quick changes of radii and the machine has been successfully
used both by us and by our material suppliers. (Fig. 2). The radius round which the material can be
bent has to be graduated with thickness: the present graduation is rather crude and useful work
remains to be done in establishing the thickness/bend ratio on a stronger basis.

 



STEELS.

As an example, for 65 ton per square inch proof stress steels, both Nickel Chrome and Stainless, a
bend of 180° over a radius of 3 t is specified for thicknesses up to 24 g., thicker than 24 g. radius
5t.

This specification is very easily fulfilled by the Nickel Chrome Steels and bends over radii of 1 and
1.5  t  are  usual  with  clean  steels  of  suitable  compositions.  With  the  Stainless  composition  the
ductility  is  notably inferior,  and the bends can only be obtained with the greatest  care in  heat
treatment. It is not surprising, therefore, that it has been found possible to raise the proof stress of
the  Nickel  Chrome Steels  to  75 tons  per  sq.  in.  and higher,  whilst  still  retaining  the  standard
ductility.

Whether the inferior ductility is inherent in steels of this class, I cannot say - possibly when there is
as  much  experience  of  these  materials  as  there  is  of  Nickel  Chrome  steels  there  may  be
improvement. Many factors contribute to the difficulty of working with Stainless steel for high duty.
The low eutectoid associated with about 14% Cr. makes the steel very sensitive to small changes
(e.g.,  second decimal place) of Carbon; the solution and diffusion rates are comparatively slow,
making the operations of continuous hardening and tempering slow in their turn. The temperature of
hardening  is  high  (e.g.,  960°C.-1,000°C.)  unpleasantly  so  for  furnaces  working  at  the  higher
temperature necessary for continuous treatment, and the susceptibility to carburising, which caused
us much trouble in our early experiments,  causes difficulty with lubricants in the cold forming
stages. Moreover, the proof stress figures are associated with considerably higher maximum stresses
than in the case of the Nickel Chrome steels, making the material much harder to drill. Needless to
say,  an  increase  from  80-tons  per  square  inch  M.S.  to  95  M.S.  means  a  large  difference  in
machinability.

Local  surface  condition in  addition  to  ductility  as  exhibited by the  bend test  has  an important
influence  on  the  question  of  stress  cracking,  particularly  in  thicker  materials  (e.g.  18  S.W.G.).
Freedom from excessive scaling during hot rolling is essential. Hardening and tempering is now



regularly carried out with no more oxidation than a light bluing of the surface. It is a matter of the
greatest importance in all sheet and strip materials to have a good surface on the metal, and failures
of parts have been traced to irregularities under the scale on hot rolled sheets, For this reason I think
that descaling before the material  leaves the maker’s works is  essential  if  there is any scale of
appreciable thickness. Fig. 3 shows material supplied with a beautiful apparent surface, the true
nature of which has been revealed by pickling.

Accuracy of manufacture both in thickness, width and straightness is essential. The close limits on
thickness are required from weight considerations, since design has to be based on the minimum
and the mean thickness is carried by the aircraft. A straight strip is required if the parts formed from
it are to be straight; it is possible to straighten formed sections made from bent strip, but the process
is  undesirable  and  somewhat  expensive.  Strip  straight  within  ¼ inch  in  ten  feet  is  considered
satisfactory.

Some examples of members made from strip are illustrated in Figures 4 and 5.

I have dealt at some length with the question of steel strip because in modern English aircraft it is
used for the majority of the important structural members - the main spars, the booms of the body
girder, the struts and so on - and at the same time the many requirements for this  material  are
common to all aircraft materials for structural purposes.



Materials of similar composition, for example, are suitable for making fittings for attaching struts
and ties to spars (Fig. 6) in these, however, a higher degree of ductility is a necessity owing to the
local concentrations of stress inevitable with complicated details. The ability of a ductile material to
reduce the concentration of stress which would be present in perfectly elastic material under fairly
severe loading, makes the work of design possible.

In the past mild steel sheet has been extensively used for the manufacture of aircraft fittings. A
necessarily  somewhat  severe  specification  has  made  this  naturally  low-grade  material  rather
expensive  without  being  economical  from  the  weight  and  strength  point  of  view.  In  modern
aeroplane designs materials  giving a Proof Stress of about 50 tons per sq.  inch are considered
appropriate for stressed parts.

In the case of details, as for example in connection with equipment installation, where rigidity and
not strength is the criterion, commercial C.R.C.A. (cold rolled, close annealed’’ mild steel sheet) is
quite suitable. The requirements for stressed fittings can be satisfied by nickel chrome of the same
composition as that used for the spar strip referred to above, tempering,  of course, at  a higher
tempering temperature, by a steel containing 14% manganese, .30 carbon, by Mr. Harry Brearley’s
“Two-score”  Composition  –  chromium-nickel-carbon  -  by  14%  chromium  steel  with  carbon
under .12, probably by the 16% chromium steel with a slightly higher permissible carbon and by the
Krupps  V.2A.  composition.  This  last-named  material,  which  is  Austenitic  in  the  soft  state,  is



manufactured  in  this  country  under  well-known  trade  names  “Staybrite”  (Firth)  and  “‘Anka’’
(Brown-Bayley).

The desired mechanical properties in the Austenitic steels are, of course, only obtainable by cold
working. All the other classes of material are most suitable for use in the hardened and tempered
state and should all of them be capable of giving a 50-ton Proof Stress at 1.t bend. Fittings may,
however,  be most conveniently manufactured from the material in the soft  state,  hardening and
tempering being carried out after the bending and machining. The Austenitic materials will bend
over in the 50-ton Proof Stress condition and can be worked in this state although the machining
qualities are poor. 

The ratio Ultimate/Proof Stress on the cold worked material can be varied from 1.5 to 1.1 by small
changes of composition.  The machinability is greatly enhanced by keeping this  ratio as low as
possible.

Correct  annealing  at  a  sufficiently  high  temperature  before  the  final  cold  work  is  absolutely
essential if the material is to be uniform. Against the easier machinability and cheaper compositions
of  the  hardening  and  tempering  steels  must  be  offset  the  cost  of  hardening  and  tempering,
straightening and cleaning,  and with the  non-stainless  materials  the use of  some anti-corrosion
protective.

In the case of parts machined from bar, forgings and stampings, mechanical properties of the same
order as those for sheet fittings are suitable. Materials of the 14% Manganese and the “Two-score’’
composition satisfactorily fulfil requirements. For the hardened and tempered bars there is naturally
some difficulty in getting prompt supplies with the cold drawn finish, as, for example, cold drawn
hardened and tempered hexagons for collet work. This difficulty may be overcome, for example, by
use  of  the  continental  type  of  aircraft  bolt  with  a  filister  head  which  can  be  satisfactorily
manufactured from double reeled hot rolled bar. There is still an extensive use of plain carbon steel
of about 35 tons ultimate for machined parts. This material has been rendered expensive by the
necessary specification requirements and the writer does not use it for stressed parts. Where the
stress  is  not  a  consideration,  a  “mill-hardened”  material  of  lower  carbon  will  give  adequate
mechanical properties and allow much higher machining speeds. The ‘‘Two-score’’ composition
stands out from the point of view of machinability among all the other stainless steels and from the
point of view of corrosion resistance it lies between the 12-14% chromium class and the V.2.A.
Austenitic. This latter material which is troublesome to machine, has a very low yield point (circa
10-12 tons per sq. inch) in the soft state, i.e., with an ultimate of about 40 tons per sq. inch, The
adoption of this steel in connection with certain sea-going aircraft to replace the 85 ton plain carbon
steel,  which was somewhat surprisingly done without  consideration of the relative Proof Stress
figures,  caused considerable  trouble  and gave  rise  to  unnecessary  alarm about  the  qualities  of
Austenitic steel generally so far as creep at atmospheric temperature is concerned.

In the case of stampings, it  is necessary to have a high degree of precision,  or alternatively to
machine all over. For this reason, it may be economical to sacrifice some mechanical properties if
greater precision can be obtained, since design has to be based on minimum thickness and the
superfluous weight involved in variations of scantlings may more than absorb any advantage to be
gained by the higher tensile properties and the aircraft industry awaits with interest developments in
precision forging. For this reason, plain carbon steels of a composition giving mechanical properties
as follows: 



and nickel steels containing only a small percentage of chromium composition giving mechanical
properties as follows:

are to be preferred.

Solid drawn steel tubing is extensively used in aeroplane manufacture and a choice between it and
tubes and members formed from the strip will depend on relative questions of weight and cost. The
manufacturing costs of solid drawn tubing rise very rapidly as soon as we begin to get away from
the plain carbon composition. Table 4 indicates roughly the relative costs of steel solid drawn tubing
in different materials.

The cost of manufacture also arises rapidly as the diameter-thickness ratio increases. Tolerances
which can be worked to on the higher tensile  materials  are wider and,  generally  speaking,  the
accuracy obtainable  does  not  compare  with that  of  parts  formed from strip.  By far  the largest
quantity of tubing sold is supplied in the cold worked condition and the 1£% Manganese .2 to .3
carbon steels are particularly suitable, giving fair mechanical properties, viz :-

and are particularly suitable for welding.

Tubes  manufactured  from nickel  chrome steels  and stainless  materials  are  almost  prohibitively
costly except in very thick gauges such as are suitable for axles.



During the process of the manufacture of solid drawn tubing considerable violence is done to the
material, particularly in the hot piercing operation. In some cases, owing to the successive annealing
and pickling processes in the drawing I have seen specimens of stainless-steel tubing which had
been  so  etched  during  pickling  that  it  was  possible  to  see  daylight  through  them  and  the
microstructure of which involved carbide of enormous grain sizes.

The ductility of solid drawn tubing has been generally checked by flattening tests, an example of
which from specifications is as follows: 

(50 low steel tubes D.T.D.91A,) “flatten with a few blows till the shortest distance between the
inner sides of the tube is equal to 8 times the original wall thickness or seven eighths the original
bore of the tube, whichever the smaller. The tubes must withstand this test without cracking.”

The transverse flattening test has the same disadvantage as the bend test in those materials bent in a
‘‘V’’ block, because a great deal depends on the skill of the tester in avoiding sharp kinks as the
material is crushed. For this reason, a carefully carried out bend test is to be preferred as being more
consistent. Nothing is more annoying from the point of view of the purchaser and supplier than to
have a form of test which enables the material fortuitously to be accepted at the supplier’s works
and rejected at the purchaser’s.

It is doubtful if the bend test is ideal for solid drawn tubing. Unfortunately, there is little experience
of other methods of testing to go on. It is probable that a crushing test on a specimen of tube pierced
with small holes might indicate the practical ductility of the material and such a test might be worth
trying.

The majority of the tensile members in aircraft in this country are manufactured from plain carbon
steel  rods,  carbon  varying  from  .4  to  .6  according  to  the  size  of  the  rod,  manganese  being
between .5 and .9. The swaged parts of the rods are specified to have a tensile strength of about 65
tons per square inch. In Continental practice, nickel chrome rods are being used giving about 90
tons after hardening and tempering with an elongation of 9%. In view of the developments which
have taken place in the materials for compression members the use of plain carbon steel swaged
rods and streamline wires of a tensile strength as low as 65 tons per square inch can hardly be
defended. It is to be hoped that hardened and tempered rods of higher tensile strength following
Continental practice will shortly be available.

In the direction of cold worked non-corroding streamline wires and tie rods in Austenitic steel there
is a promising field for material suppliers to make considerable progress.

Ropes  of  flexible  construction,  e.g.,  7x7,  7x14,  etc.,  and  other  flexible  straining  cords  of
constructions 1x19, 1x37, all made from cold drawn high tensile carbon steel are employed, the
former for operating controls and the latter  for bracing members particularly in airships.  These
wires are zinc-coated as an anti-corrosion precaution.

With the 1x19 and 1x 87 straining cords it has been possible to make satisfactory end joints by
casting the splayed wires into cones with zinc-cadmium eutectic alloy. The 7x7 construction, which
is  generally  used  for  heavier  type straining cords  is  not  satisfactory  for  this  type of  joint  and,
furthermore, has a lower apparent value for Young’s Modulus than the 1x19 and 1x37 construction.
The rigidity of tension members is of great importance in airship construction owing to the many
redundancies in the structure - there is opportunity here for development of stronger cords with 1 x
37 type of construction.



LIGHT ALLOYS,

When we turn to Aluminium Alloys priority of place must undoubtedly be given to duralumin. This
material is the generally accepted alternative to steel as a structural metal.

The characteristic composition is 4% copper, 0.5% manganese, 0.5% magnesium and about 0.2%
silicon.

In the ‘‘normal’’ state, ie.,  quenched from 490°C. and aged, the specified minimum 0.1% proof
stress is  15 tons per square inch and specified minimum ultimate 25.  The material  hardens up
rapidly  with  cold  work  and  the  proof  stress  will  rise  to  20  tons  and  the  ultimate  to  28  with
reasonable ductility.

The Durener Metallfabrik A.G. have recently brought out a cold worked variation having a slightly
lower manganese content, worked up to an ultimate of 80 tons but with quite remarkable ductility.

Characteristic test results are given in Table No. 5.

The normal duralumin and the cold worked are of different origin and the fact that the reverse bends
obtained on the cold worked specimen are better than those on the normal is due to this fact and not
to the effect of cold work.

Practical experience with sheet metal details for aircraft purposes has shown that reverse bending is
the weakness of this material. Failures will take place under vibration which cannot be said to be
fatigue  failures  in  the  strict  sense  of  the  word  insomuch  as  they  may  be  prevented  by  the
substitution of mild steel with a lower fatigue range.

It is a not unimportant factor in comparing duralumin with steel to remember that in the normal
state the average supplies of material only just meet the specification for mechanical properties (Cf.
table  “and  B.S.S,  3L3):  the  material  is  more  “highly  specified”  than  is  usual  with  steel
specifications.

At  a  proof  stress  of  15  tons  per  square  inch  duralumin  is  specifically  equivalent  to  a  steel
developing a stress of only 44 tons per square inch. Raising the proof stress by cold working to 22½
tons per square inch is necessary to make it comparable with a 65-ton steel.

Another characteristic feature of this material as compared with steel is the tendency for corrosion
to  follow inter-crystalline paths  often difficult  to  associate  with the external  appearance of  the
corroded metal. Bengough and Stuart’s process for producing an oxide film by making the metal the
anode  in  an  electrolyte  of  chromic  acid  solution  has  done a  great  deal  to  solve  the  corrosion



difficulties of this material. While on the one hand it is possible to produce numerous examples of
inter-crystalline corrosion both in practice and in laboratory experiments, it must not be forgotten
that airships and aeroplanes in large quantities have given satisfactory service manufactured from
duralumin. Not the least notable example of the application of duralumin to aircraft structures is its
general use to-day for seaplane floats and flying boat hulls.

So far as practice to date is concerned, discontinuities with a history starting from the ingot are
more or less present in all duralumin. Typical examples are shown in the radiograph of duralumin
stamping, Fig 7.

The material stamps well, and some very fine forgings have been produced by English stampers,
particularly so when it is considered that at forging temperature the hardness of the material is so
much higher than steel. 

On the whole, the coarser structure and the effect of quenching make it inadvisable to use bars
much over 24 inches in diameter. The influence of size of bar on mechanical properties is illustrated
in Table 6, taken from B.S.S. 3.L.3. :-

Mechanical properties may, however, be improved by re-heat-treating after part machining so that
the  maximum  scantlings  do  not  exceed  2$  inches.  Even  after  this  some  difficulty  has  been
experienced in  the  anodic  treatment  due to  selective  etching of  the  copper  constituent  in  parts
manufactured from large bars.



Duralumin is also obtainable in tubes cold drawn from extruded tubes and also as extruded. The
extrusion process enables sections to be manufactured economically which are net practicable with
steel.

Numerous other light alloys have been proposed for aircraft work, such as the nickel-copper ‘‘Y’’
alloy and the Aluminium Corporation of America’s 25S., which is similar to duralumin but without
magnesium. From the point of view of mechanical properties in the wrought state all  these are
inferior to duralumin.

Duralumin cannot be used economically in the cast state, although there has been some practice of
casting to this composition on the Continent. ‘‘Y’’ alloy composition heat treated castings give very
favourable  mechanical  properties  and,  as  heat-treated,  are  less  susceptible  to  the  influence  of
scantling dimensions on mechanical properties than parts used as cast. The composition and typical
mechanical properties for chilled cast test bars in three well-known alloys are given in Table 7.

The Aluminium-Silicon alloy is particularly notable for its high ductility and its very satisfactory
resistance  to  sea-water  corrosion.  It  is  suitable  for  die-casting,  though  somewhat  liable  to
contraction cavities (Cf. Radiograph Fig 8).



 

Of the magnesium alloys we have little experience in aircraft work in this country. The I.G. Alloy
‘‘Elektron’’ is practically the only material which, in Europe at least, has reached a real commercial
engineering position.

Table 8 gives the composition and mechanical properties both as given by the manufacturers and
also as specified for aircraft work in this country.

The writer has had the opportunity of visiting’ the Bitterfeld Works of the I. G. Farbenindustrie
Aktiengesellschaft and discussing the question of Elektron with Dr. Schmidt and seeing the process
of manufacture. One cannot fail to be impressed with the extensive use of this material in Central
Europe, particularly in the cast state. We (Boulton & Paul Limited) have made use of magnesium
castings for some two or three years but only for parts not affecting the strength of the structure.
(Fig. 9).

Elektron is particularly suitable for pressure die-casting and I have seen some magnificent examples
of this process. Gravity die-casting is not successful. The extremely rapid corrosion of magnesium
in the presence of chlorides necessarily makes one cautious in using it  for structural  purposes,
although sufficient confidence has been shown by Dornier to use extruded Elektron for the main
spars of his twelve-engine D.O.X. Flying Boat illustrations of which have recently appeared in the
press. An etching treatment combined with a chromating process has been developed by the I.G.
and is in general use, particularly for inhibiting the corrosion on surfaces which are likely to have
present  ferrous  adhesions  imported  by  mechanical.  agencies  g.,  rolling)  and.  also  non-metallic
adhesions as on the surface of castings, all of which have been found to accelerate corrosion. If the
corrosion problem can solved - and there is a great deal of research work in this direction going on
all over the world - magnesium alloys must tend to play an increasingly important part in aircraft
manufacture.





At the present time there is sound justification for using Elektron sheet for cowlings and fairings if
weight economy is desired; the material, however, is considerably more expensive than aluminium
and is more difficult for pressing and panel beating insomuch as it has to be worked hot. It cannot
be long, however, before we see its practical application in this field on classes of aircraft where the
weight saving justifies the cost. 
The type of large girder which has recently been used in airship construction in this Country is
shewn in Figs. 10 and 11.



Before closing I should like to draw attention to the difference between the information which an
Aircraft Manufacturer requires to have about material and the requirements of a specification. In a
specification  it  is  desirable  to  allow  the  greatest  possible  latitude  to  a  manufactured  material
consistent with ensuring a uniform product with the limited amount of commercial testing which is
desirable.

It does not follow that the mechanical test results on acceptance specimens are directly applicable to
design; in some cases, as, for example, the Izod figure, the numerical values cannot be used as such
for design. This is equally true of proof-stress in so far as the compression failure of thin shells is
concerned. These points are unfortunately sometimes overlooked.

Broadly speaking, in the case of a metal of new composition where the material is to be hardened
and tempered the user desires to know the influence on maximum stress, proof-stress, elongation,
reduction  of  area  and Izod of  varying heat-treatment  with  the  extremes  of  composition.  If  the
material is to be cold-worked, he similarly desires to know the influence of cold-work on these
mechanical properties. Evidence of the influence on Izod of the orientation of the specimen to the
bar or billet is useful.

The practical values at which continuous or serious creep at atmospheric temperature take place
should also be determined.

The writer has been accustomed to use dead loading on shackle specimens for this purpose and at
Boulton and Paul’s Works generally there are a number of specimens which have been under test
for months.

In the case of a strip and sheet material the ductility figures expressed as close bend and reverse
bend are necessary.

The permissible alternating and fluctuating stresses should. also be known. The application of these
stresses is much complicated by the difficulty of knowing the stress distribution in actual fittings, a



point which has already been discussed. The writer has preferred, therefore, to carry out fatigue
experiments  on  specimens  representative  of  the  actual  conditions  of  service,  and  the  machine
illustrated in Fig. 12 was designed for this purpose. Four specimens can be carried simultaneously
and thus a standard can be introduced for comparison. In thin strip specimens the stresses are from 0
to + and can, of course, be controlled by the weight in the scale pan. Some very instructive results
have been obtained by the use of this machine, the apparent permissible mean stresses determined
in this way being directly applicable to design. The apparatus has also proved very satisfactory for
testing joints such as welded or rivetted joints under fluctuating stress.

I would like to suggest that manufacturers of materials could with advantage place themselves in
the position of being able to supply considerably more information about the properties of their
products  than they  are at  present  able  to  do.  At  the same time,  it  is  quite  understood that  the
requirements of the aircraft industry are exacting and troublesome while its consumption of material
is comparatively small.

It is to be hoped that the increasing use of aircraft will result in increased production of aircraft
materials and will thus justify more experimental work than can be done to-day.



LIGHT ALLOYS FOR AIRCRAFT. 

H. Sutton, D.Sc.
Senior Scientific Officer and Head of the Metallurgical Department at the Royal Aircraft

Establishment Farnborough.

(A lecture delivered to the Midland Metallurgical Societies at the James Watt Memorial Institute on 
1st December 1938, A. L. Molineux, Esq. was in the chair, and some 100 persons present.)

In the time at my disposal, I feel that I can hardly give you a comprehensive survey of aircraft light
alloys. Further, if I were to attempt an encyclopedic treatise it would not achieve, I think, the object
I have in mind, namely, the stimulation of your interest in the problems which confront those who
have to make use of light alloys in the construction of aircraft. At this early stage I feel that I should
say that in those cases where I put forward particular impressions or opinions, these are my own
personal impressions or opinions and do not necessarily represent those of the Air Ministry.

Owing to the wideness of the subject and the extent and intricacy of many sections of metallurgical
science and technical practice involved, it is not possible fully to pursue more than a limited number
of aspects of the subject of my lecture. In view of the widely published literature on many of our
more important light alloys, I have sought to deal briefly, if at all, with the more generally discussed
aspects and to introduce a number of features on which less has been publicly said or written. My
intention in so doing has been to enlist or stimulate your sympathetic interest in our problems and I
have in mind that this is an excellent opportunity for a good discussion and that the length of my
discourse shall be such as to allow good time for that purpose. The opportunity of spending an
evening, with such a unique assembly of experts representing a most important section, and for
aircraft,  a  most  vital  section,  of  the  metal  industries  of  this  country  is  one  that  I  very  much
appreciate.

A.—ALUMINIUM-RICH ALLOYS.

Aluminium Alloy Castings.

The  production  of  components  as  castings  commends  itself  forcefully  owing  to  the  ease  of
production in large quantity and to the favourably low cost relative to wrought forms.

The high degree of efficiency of X-ray examination that has been attained has contributed
substantially to the production of sound castings in two important ways. In the first place it has
provided a means of examination of individual castings for defects; it has achieved a second and
probably more important result in providing the manufacturer with a practical aid in development of
the best methods of producing the casting concerned. This application of X-ray examination is one
which can be used with advantage in cases in which such examination of the individual castings is
not specified.

Experience indicates that for success, it is necessary that the design should bet evolved with due
consideration of the requirements of the foundry for the production of a satisfactory casting as well
as of the duty to be performed. This means that the designer and founder must collaborate in the
evolution of a satisfactory design for a casting in an alloy best suited to the general requirements.

As regards castings for important components subjected to stresses in service, the following are
important features:

(a) The static strength properties that can be relied upon to be developed in each particular
casting.



(b).In many applications the ability of the material to withstand fluctuating or alternating
stresses.
(c).The effects of occasional loading, e.g. brittle fracture or plastic deformation.
(d).The permanence of the casting under operating conditions.

For  the  use  of  castings  as  components  performing  important  duty,  such  that  the  failure  of  a
particular casting might imperil the entire aircraft, it will be appreciated that very high standards of
quality  are  necessary.  On the  other  hand,  the  applications  of  castings  in  aircraft  are  becoming
increasingly numerous and the duties to be performed more and more vital.

Aluminium alloy castings of several different types are used for aircraft components.1,2 The heat-
treatable casting alloys form a very important group to-day and this group may conveniently be sub-
divided into:

(a) casting alloys heat treated at low temperatures only.
(b) casting alloys solution heat-treated and then given low temperature treatment. 

The casting alloys that are heat-treated at a low temperature only, e.g., at 160°C., such as RR50
(D.T.D.133B), Ceralumin B (D.T.D.287), Alpax Beta (D.T.D.240), are much used. RR50 has been
used with success for stressed parts of engines such as crankcases and cylinder blocks. The sand
castings are produced with the use of very few chills. The low temperature heat-treatment lowers
the elongation value without rendering the castings unduly brittle but usually increases the ultimate
stress slightly and the proof stress appreciably. These effects arise from age-hardening at the raised
temperature of heat-treatment,  the cooling from the liquid state in the mould resulting in some
retention of a solid solution condition. An important practical advantage lies in the fact that internal
casting  stresses  are  released  to  an  appreciable  extent  and  danger  of  future  distortion  is  much
reduced.

Double heat-treatment, i.e., solution heat-treatment followed by ageing at elevated temperature, is
applied to a number of important alloys principally for the development of high strength properties.
This frequently entails precautions against distortion at the moment of quenching, especially for the
larger  castings.  Important_members  of  this  class  are  RR53  (DTD.131A),  RR53C (D.T.D.309),
Alpax  gamma  (D.T.D.  245),  Ceralumin  C  (1D.T.D.255).  In  general,  the  double  heat-treatment
effects substantial increases in the ultimate and proof tensile stresses with decrease of elongation
value, together with improved machinability.

There  is  an  increasing  use  of  castings  in  pressure  systems  and  pressure  tightness  is  here  all
important.  Micro-porosity  of  the  interdendritic  shrinkage  type  is  frequently  not  discernible  by
radiography. In light sections in particular alloys this type of porosity is liable to be troublesome.
Castings pressure tight to air and mobile liquids represent a field in which there seems to be great
scope. For a very wide range of small components there is frequently not the same need for very
high strength and heat-treatment is generally not so necessary as for larger components

The high silicon type of aluminium casting alloy is used for aircraft parts in which high intrinsic
resistance to corrosion is required,

Sand  and  die  castings  in  the  “improved”  alloys  of  the  type  to  Specifications  D.T.D.240  and
D.T.D.245, covering single and double heat-treatments respectively, are now much used. The proof
stress  (0.1%)  and  ultimate  stress  values  are  raised  substantially  by  the  double  heat-treatment
(D.T.D.245) and moderately in the case of the single heat-treatment (D.T.D. 240). As indicated by
the results of both laboratory tests and service experience the corrosion resistance is not seriously
impaired by the heat-treatments, while the machining properties are improved.



A high magnesium type of aluminium casting alloy (D.T.D.300) amenable to the doubles form of
heat-treatment and developing high strength properties is an interesting recent development.

High magnesium casting alloys D.T.D.361, D.T.D 304, D.T.D.298 form a useful group. The basic
alloy used for the castings to these specifications contains 4 to 4.6% of copper and up to 0.9% of
silicon with small amounts of other elements, and the response to heat-treatment of both the single
and  double  types  is  good.  The  strength  properties  are  high  for  aluminium  castings  and  the
elongation value (7% minimum) of the single heat-treated material (D.T.D.298) is high for a sand
cast aluminium alloy.

Wrought Aluminium Alloys.

In the field of the wrought aluminium alloys, duralumin and alloys of the duralumin type remain the
most important type of high strength single heat-treatment alloy. This type of alloy is very well
known but demands some attention in a paper of this kind. The fact that it has been known so long
and used so extensively is, in itself, a tribute to the value of the material. As with other materials,
experience  and  the  industrial  application  of  the  results  of  research  have  yielded  an  improved
product. This feature may, perhaps, be illustrated by the following tensile and fatigue test results
typical of the properties of duralumin airscrew forgings of some years ago and the present day.

In recent years there have been many development in this field of light alloy technology. The alloys
Duralumin G, 248 and Hiduminium 72 are alloys of the single solution heat treatment type which
develop high mechanical properties on ageing at room temperature. The alloys are available jn the
form of sheets, bars, and extrusions, They have high ultimate and 0.1% tensile proof stresses, good
working properties and high resistance to corrosion. The improved mechanical properties compared
with  duralumin  are  obtained  by very  slightly  increased  amounts  of  alloying  elements,  notably
magnesium, and suitable control of the other added elements.

The double-heat-treatment type of improved duralumin alloy has found extensive use in modern
aircraft.  Examples  of  this  type  are Duralumin F,  228,  268,  Dural  E,  RR56.  Here the  optimum
mechanical properties are obtained by applying first a solution heat-treatment and then an ageing
treatment at raised temperature, e.g., 15 hours at 165°C. As a result of the elevated ageing treatment
the  ultimate  stress  is  usually  raised  slightly  and the  0.1% tensile  proof  stress  appreciably,  the
ductility being reduced slightly. The corrosion properties are affected adversely, notably as regards
resistance to the inter-crystalline type of corrosion. On the other hand, the alloys are capable of
being used satisfactorily if suitable protective treatment and coatings are applied. The aluminium-
clad  material  is  outstanding  in  that  respect,  the  resistance  to  corrosion  and  to  mechanical
deterioration being much increased by the aluminium coating,

Mention should be made of a new high strength wrought aluminium alloy of recent origin, RR77
(D.T.D.363). The alloy contains zinc 4 to 6%, magnesium 2 to 4%, copper 1.5 to 5%, up to 1%, of
nickel and small amounts of other elements. At present the alloy is being supplied in the form of
extrusions which, after an appropriate double heat-treatment have strength properties of the order of
27 to 33 tons/sq. inch tensile proof stress (0.1%), and 33 to 38 tons/sq. inch ultimate tensile stress,
with 10 to 16% elongation. The specific gravity is about 2.8. The alloy, in this condition, appears to



possess good resistance to corrosion, as judged by laboratory tests. The results practical experience
of this material will be awaited with interest.

For hulls  and floats  of seagoing aircraft  constructed in light alloy,  the aluminium-coated sheets
supplied to Specifications L38, D.T.D. 275 and D.T.D.351 are widely used. 

The present stage of metal aircraft development invokes extensive use of these high strength light
alloys, not only for skin coverings, but also for ribs, stiffeners, spars and a wide range of stressed
members. For skins resistance to wear in service and handling may place the stronger alloys in a
position of advantage, For frames, stiffeners, spars, etc., the high strength types can be used to great
advantage. The extensive use of extruded forms for spars, frames and stiffeners is, perhaps, the most
outstanding development at the present time.

Y alloy (Cu 4%, Ni 2%, Mg 1.5%) in wrought forms has found wide application in, engine parts.
This alloy is one that possesses useful properties at raised temperatures. RR59 possesses similar
strength properties, combined with good forging and working properties. For forged pistons and
cylinder heads RR59 has been much used. Both these alloys are of the heat-treatable type, the high
strength properties being obtained by
solution treatment  and ageing.  RR59 (B.S.I.  L42)  (Cu 2.2,  Ni 1.3,  Mg 0.8,  Fe 1.2) is  aged at
elevated temperature (e.g., 12-20 hours at 170°C.). Although parts of pistons and cylinder heads
operate at considerably raised temperatures which necessarily result in some local softening, the
effects  of  heat-treatment  and ageing are not  fully  lost  under  service  conditions.  The prevailing
conditions in modern high performance internal combustion engines are, however, severe, and light
alloys of improved high temperature properties are, therefore, an important field of research and
development at the present time. The lower thermal expansibility (0.000019) of the high silicon
alloy  (D.T.D,324)  has  proved of  practical  value  for  forgings  for  use  in  aero  engines.  In  some
applications in engine work the advantage of the lower expansibility more than offsets the poorer
strength at raised temperatures and lower thermal conductivity compared with Y alloy and RR59.

So far it has not proved possible to substitute the steel chains used for mooring aircraft on water by
light alloy chains, and this appears to be a field for possible developments. The main features of
steel mooring chains and of a particular light alloy chain are:

It will be seen that on this comparison the light alloy chain would not be economical from the
weight point of view. It will, of course, be realised that a light alloy mooring chain must possess
high resistance lo corrosion and permanence of suitable mechanical properties.



The question of light alloy ore for fuel, oil, and other systems is one of importance and the fatigue
properties are especially important in view of the vibrations which may arise in service applications.
It has been found as a result of extensive laboratory tests that the performance of pipes of different
materials under vibration is directly proportional to the ratio:

On this basis wrought aluminium alloy tubes of about 28 tons per sq. inch tensile strength and about
±9.0  tons  per  sq.inch  Wȍhler  limit  have  an  advantage  over  most  other  tubes  in  materials  of
comparable ductility, e.g.  40-ton steel. The lighter weight of the tubes in light alloys should be of
further advantage in reducing inertia stresses.

The design of all-metal joint that has been most used hitherto in pipelines in this country’s aircraft
has necessitated somewhat severe drifting of the ends, e.g. from about 50% to 21% for pipes up to
½” o/d and from 18% to 9% for pipes from 5/8” to 1¼” diameter. This demands a very high degree
of ductility in the material and a high quality as regards freedom from longitudinal die marks and
other defects. These particular requirements can be met by a number of commercial alloys covered
by Specification D.T.D.310. Most of these alloys possess high resistance to corrosion. All-metal
joints which do not necessitate drifting of the pipe ends have now reached an advanced state of
development and appear likely to find practical application. The advantage of these new joints in
broadening the scope for selection of materials to include materials of high strength, is one likely to
lead to considerable practical developments.

For many components, good bending and forming properties are necessary. There is a wide range of
aluminium alloys possessing excellent working properties from which the designer may choose his
material according to the strength properties desired in the finished component and the method of
manufacture. Most of these materials possess high resistance to corrosion.



B. - MAGNESIUM_RICH ALLOYS3,4,5

Cast Magnesium Alloys

The present  specifications  themselves  indicate  to  some degree the  position attained by modern
magnesium-alloy castings as regards physical properties. The benefits of heat-treatment are very
marked here and more marked in the results of practical experience than the specified mechanical
properties  for  test  bars would suggest.  In the light  of  present  experience,  these values  that  are
specified can be exceeded appreciably. The author believes that the improved ductility of solution
heat-treated magnesium alloys has contributed substantially to the success and reliability of the
castings in service. In the case of aircraft landing wheels, for instance, there has been abundant
experience to show that the castings, suitably designed and executed, can give satisfactory service
under conditions of shock loading.

The quantity of magnesium alloy castings used in aircraft is now very large and appears likely to
increase further. The low density of the alloys, the mechanical properties, good general standard of
quality  attainable in  castings  and the excellent  machining properties  are  all  important  practical
points  to  the  aircraft  constructor.  Further,  the  modern  methods  of  protection  against  corrosion
coupled with the higher intrinsic resistance of these alloys have permitted satisfactory service life to
be obtained under all except the most extreme conditions of use. These methods I propose to deal
with in a later section.

Magnesium alloy castings are used in large quantities,  the improvements that have been
made in magnesium alloy melting and casting technique, together with the successful application of
the principles of improvement by heat-treatment developed earlier in aluminium-rich alloys have
contributed to an advance that has been somewhat sensational, It would be misleading if one were
to give the impression that there were no difficulties or that failures did not occur, These have
occurred with most aircraft materials. Application of suitable scientific and technical principles,
when these are realised, is doing much to overcome troubles.

Porosity of magnesium castings has given some trouble, especially when designers have been too
ardent in saving weight. The best treatment of the problem of porosity in castings is that which
leads to  its  elimination,  Advances  have been realised in pressure-tightness of  magnesium alloy
castings by development of alloys of suitable composition, and with improved technique of design
and in casting are bringing magnesium alloy castings into use in pressure systems. Castings in
D.T.D.281 are used for pressure work.
A new alloy has been developed specially for castings required to be pressure-tight -Magnesium
299 (D.T.D.350). This is a tin (3 to 10%), aluminium (2 to 6%), silver (0.25 to 4.0%) magnesium
alloy. Sand cast test bars have a proof stress (0.1%) of about 4 tons/sq. inch, an ultimate stress of
9.12  tons/sq.  inch  and elongation  4 to  7%. It  is  claimed that  this  alloy  yields  castings  having
uniform properties,



Wrought Magnesium Alloys.

Magnesium  alloy  sheets  of  two  types  are  used  in  aircraft  work.  The  first  type,  covered  by
Specification D.T.D.118 are made in the alloy containing about 2% of manganese. The second type
is in the aluminium-magnesium alloy and contains up to 9% of aluminium, up to 1.5% of zine and
up to 1.0% of manganese. 

The mechanical properties specified are:

Simple  bending  aud  shaping  operations  can  be  performed  in  the  cold,  but  most  operations  of
forming and shaping are carried out on heated material (300-350°C,). Both these materials can be
welded with the acetylene torch using a suitable flux and filler rod of the same alloy, D.T.D.118 is
used for fairings, cowling, fuel and oil tanks, Development now in progress on an improved alloy of
the same family appears likely to provide an alloy capable of being worked more severely at normal
temperatures. D.T.D.120A is used where strength is more important.

Magnesium alloy forgings,  stampings and bars (D.T.D.88B, D.T.D.259) afford material  of 9.11
tons/sq.inch  proof  stress  and  14  to  17  ultimate  stress.  New  developments  indicate  that  these
properties can be improved upon and that stronger alloys will be available.

Magnesium alloy airscrew blades have shown remarkable progress, as illustrated in a few typical
test results, contemporaneous with those I gave on duralumin airscrew blades:

The alloy used for the modern magnesium alloy airscrew blades contains 8 to 9.5% of aluminium
and small amounts of zinc and manganese. The blade blanks are the product of powerful presses.
The form of an airscrew blade of the detachable type is one that does not make easy the production
of forgings having uniform properties at all parts. The labours of those concerned in the production
of these forgings have been fruitful,  however,  in yielding a product of very uniform properties
indeed as instanced by the following test results:



A point of major practical importance in connection with practical applications is recognition of the
notch  sensitivity  of  magnesium-rich alloys  in  both cast  and wrought  forms.  Sharp corners  and
sudden changes of section must be avoided.

The cerium-cobalt-magnesium alloys recently evolved by Haughton and Prytherch6 are of special
interest  for parts subjected to raised temperatures and seem likely to take the magnesium alloy
piston a considerable step forward.

PROPERTIES OF MATERIAL IN RELATION TO DESIGN OF AIRCRAFT STRUCTURES.

Aircraft structures are designed so that they will not collapse before withstanding external loads
corresponding to the specified ultimate factor. The structure must be in an airworthy condition after
carrying 75°%, of the ultimate loads for 1 minute. This load is known as the “proof load.”

Members in tension are designed on the ultimate strength of the material. The ultimate factor is
based on the ultimate stress and the proof factor on the 0.1% proof stress.

For members stressed in compression, the ultimate factor is estimated from strut formulӕ based on
the 0.2% proof stress. It  can generally be assumed for such members that compliance with the
ultimate factor requirement will automatically ensure compliance with the proof factor requirement.

Owing to the necessity for keeping weight down to a minimum considerable care has to be taken in
structures to make the most economical use of material. This leads to the use of thin sections. The
increased  need of  torsional  wing stiffness  due  to  the  speeds  of  modern  aircraft  has  led  to  the
development of stressed skin construction. The use of thin sections introduces a risk of instability
failures due to buckling of the material at stresses well below those which the material can develop
in thicker sections. This type of instability has usually to be predetermined from mechanical tests of
suitable sections. The stability of these thin sections is more dependent
on Young’s Modulus “E” than upon any other property.

Corrosion Properties and Protection of Aluminium Alloys Against Corrosion

As regards aluminium alloys, the clad type of sheet material have established themselves strongly in
aircraft construction. The strength properties of the sheets are such as to entail very little sacrifice of
weight. The coating of pure aluminium gives improved bending properties and appears no to have
any harmful effect on fatigue properties of the sheets. It affords remarkable corrosion resistance to
the sheets, rendering elaborate protective treatments unnecessary except for severe conditions. Spot
welding of the sheets does not lead to the formation of local areas very susceptible to attack, as it is
liable to do in heat-treated sheets of in uncoated alloys, and the sheets require very little, if any,
preparation  for  spot  welding.  In  hulls  and floats  the  presence  of  the  coating  has  substantially
overcome the problem of rivet corrosion, though slight corrosion of the sheets at and about the
rivets is liable to occur in hulls and floats unless suitable precautions are taken. In hulls and floats
corrosion in joints and about the rivets has been greatly mitigated by the use of chromate pigmented
varnishes  in  the  joints.  It  is  important  that  such  varnishes  shall  of  a  permanently  plastic  and
adhesive  nature  as  preparations  which  become brittle  break  down under  the  slight  movements
arising from flexure of the structure. These plastic chromate-pigmented varnishes (D.T.D.369) have
proved of value also in joints between dissimilar metals and between light alloys or steels and non-
metallic substances such as wood, fabric, jointing materials and packings. They assist in achieving
mechanical  exclusion of moisture,  and though probably not truly impermeable to moisture,  the
presence of the corrosion inhibiting pigment  results  in  protection of the metal  to  a  remarkable
degree.



Of the wrought high-strength aluminium alloys of the heat-treatable type, duralumin is probably the
most resistant to corrosion, but for high resistance to corrosion, especially to the intercrystalline
form of corrosion, the heat-treatment has to be carefully controlled and the quenching conducted so
as to achieve rapid transfer to the quenching medium and rapid cooling to the temperature of a cool
bath.  It  is  also necessary to  avoid  subsequent  reheating to  temperatures  exceeding 120°C.  The
wrought alloys of higher strength than duralumin are generally not quite so resistant to corrosion as
duralumin,  and the alloys which are subjected to  elevated ageing treatment  after  solution heat-
treatment  to  develop  optimum  mechanical  properties  are  generally  more  susceptible  to  the
intercrystalline corrosion and to stress-corrosion cracking. In the clad form the coating provides a
practical safeguard against serious attack except in very severe conditions, but for other forms the
selection of high efficiency protective treatments is very necessary, Anodic treatment followed by
good varnish schemes has, however, proved reliable for spars and internal members of structures.
As  the  components  are  normally  used  for  stressed  parts  their  permanence  is  vital.  If  the
intercrystalline corrosion tendency of these high strength alloys could be offset in a constitutional
change in the way that has been realised in the corrosion resisting steels, great practical advantage
would result. Mention of two groups of materials so widely different fundamentally should not be
taken as a suggestion relating to the means of achieving the result, however.

The group of wrought light alloys containing 5 to 9% of magnesium, of which MG7 is the one that
has hitherto gained the greatest prominence in this country, is one deserving some attention. Though
the usual forms of this alloy are not normally strengthened by. heat-treatment, the wrought forms
possess  considerable  intrinsic  strength  and  high resistance  to  corrosion.  Prolonged  exposure  to
marine  influences  does  eventually  lead  to  corrosion,  which  is  liable  to  be  intercrystalline  in
character, but the material is amenable to anodic treatment. The anodically treated material coated
with suitable varnishes (D.T.D.260) is protected very efficiently and is capable of giving very good
service  under  severe  conditions.  Another  useful  property  of  the  material  which  opens  up
considerable possibilities is the relatively high strength of fusion welds.

For aluminium alloy parts exposed to severe conditions liable to set up corrosion, anodic oxidation
has been much used. Experience has shown that anodic oxidation alone only affords a moderate
degree  of  protection  and  that  its  advantages  are  greatest  when  it  is  used  in  conjunction  with
supplementary organic protective. The two main types of organic protective used are:

(a) Lanolin,
(b) Varnishes and paints,

Lanolin itself is very effective as a supplementary protective under mild conditions and an English
climate. Under marine conditions, e.g., parts coming repeatedly into contact with sea water, it tends
to become washed away, and under tropical conditions it becomes too soft to remain in place. A
new protective has, however, been evolved to overcome these difficulties. This (D.T.D.279) consists
of lanolin, pigmented with a chromate plus a fine inert suspension to delay settling in the cans, and
containing a resin which results in a much stiffer film capable of remaining intact under tropical
conditions. Experience to date has been very satisfactory and this type of supplementary protective
appears  likely to  be used very extensively for  the  protection  of  interior  surfaces  except  where
rubbing is to be expected. Advantages are realised in the permanently adhesive nature of the film,
and the obviousness of any local absence of the protective or of the inadequacy of amount present
as indicated by the colour. The same preparation (D.T.D.279) appears likely to find extensive use on
magnesium-rich alloys and steel, as well as on aluminium-rich alloys, and as a temporary protective
during storage as well as for protecting parts in service. It can be applied by brushing, swabbing, or
spraying, and can readily be removed when required with benzol or other grease solvent.

The varnishing or painting schemes used are of three main types:



(a)  Pigmented  oil  based  primer  and  finishing  coats  of  pigmented  oil  base  or  synthetic
varnish (D.T.D.260)

(b) Pigmented oil base primer and pigmented cellulose finishing coat (D.T.D.308), }
(c) Pigmented oil base primer and oil base finishing coat (D.T.D.314)

The use of chromates in the primers is now general for schemes used on light alloys and is believed
to he of substantial  advantage.  It  will  be appreciated that  the primers  have to  be suited to  the
particular finishing coats,

As regards  anodic  treatment,  the  Bengough-Stuart  process  is  normally  used  but  sulphuric  bath
processes have found some application. The Bengough-Stuart: process has been found generally
free  from  damaging  effects  by  loss  of  metal  and  effects  on  fatigue  properties.  In  sulphuric
treatments, under certain conditions, appreciable loss of metal and injury to fatigue properties may
occur.7

Contacts with other metals are liable to lead to |corrosion troubles.8

Corrosion Properties and Protection of Magnesium-rich Alloys.

In view of the high chemical activity of magnesium the resistance to corrosion of some of the
modern alloys is nothing less than surprising.

Of the  wrought  alloys,  AM503 (D.T.D.142 (bars)  D.T.D.118 (sheets))  is  the  one  which  shows
greatest resistance to corrosion. Of the other alloys one might say how fortunate is the coincidence
that high aluminium content (about 10%) and a small manganese content (approaching 0.5%) are
conducive to high resistance to corrosion as well as to high mechanical properties. These alloys and
the casting alloys as produced to-day represent something very different from the product of ten
years ago as regards corrosion resistance, largely owing to the improved technique in extraction,
melting and casting of metal. The alloys are, however, liable to corrode and require protection not
only  in  service  but  also  during  storage  and intermediate  stages  of  manufacture.  The corrosion
resistance  of  the  casting  alloys  is  not  much  affected  by  solution  heat-treatment  but  is  usually
rendered somewhat  lower by subsequent  precipitation heat-treatments.  From the user’s point  of
view, however, this fact appears to be relatively unimportant as the efficacy of protective treatments
appears to be greater on the heat-treated alloys. As has been the case with other alloys, including
aluminium-rich alloys, in the author’s experience, the corrosion resistance is greatest in the cast
condition,  and the  resistance  of  as  cast  surfaces  is  greater  than  that  of  machined surfaces.  An
important feature is that corrosion, if it occurs is of the surface-attack type; the author has not yet
observed the intercrystalline type in any alloy of the usual cast or wrought types.

On the other hand, the loss of elongation value in  corroded sheets and susceptibility  to stress-
corrosion fracture possibly indicate that intercrystalline weakness of some kind does develop with
the  progress  of  corrosion  in  the  wrought  materials.  This  is  not  necessarily  a  true  conception,
however, and this aspect of wrought magnesium-rich alloys is one that merits study.

Chromate treatments by which the alloys are coated with a mixture of chromium and magnesium
form the basic anti-corrosion treatment.8,9,10 Three types: of treatment have extensive use:

(a) Acid chromate bath treatment: the parts are immersed in a cold solutiom containing 15 
parts of pot. bichromate by weight, 20-25 parts hy volume of concentrated nitric acid for a 
short time.
(b) Immersion for 6 hours in a gently boiling solution containing 1.5% pot. dichromate, 1.0°
% pot. alum, 0.5°% caustic soda.



(c) Immersion for 30 minutes in a briskly boiling bath containing 3%, ammonium sulphate, 
1.5% ammonium dichromate, 1.5% pot. dichromate, 0.5°% ammonia.

Immersion in these baths is preceded by suitable cleaning treatments. The treatments (b) and (c) do
not cause any appreciable loss of metal and may be used for parts machined to fine tolerances. The
final treatment of the chromate treated is by the application of suitable air-drying varnish pigmented
with zinc chromate, followed by one coat of cellulose D.T.D.63. Similar protective films can be
produced by electrolytic treatment! Though in some ways less convenient, electrolytic treatments
appear likely to find application on magnesium alloys.

Although aircraft fuels appear to have very little effect on magnesium-rich alloys in the absence of
water, attack is liable to occur in practice as a result of the almost inevitable presence of water, and
to somewhat greater extent with leaded than with undoped fuels.

Chromate treatment of the tanks affords only moderate protection under these conditions. The use
of a cartridge containing a salt which will dissolve in water and check the corrosive action has
received some attention. Fluoides have been used for this purpose, and particularly when used in
chromate treated tanks, have given useful results. The most promising results have, however, been
obtained with chromates. Small fabric bags containing high purity zinc or calcium chromate of
suitable  quality  as  regards  water  solubility,  fixed  in  cages  at  parts  of  the  tanks  which,  during
standing of the aircraft, form in the lowest parts, have proved effective in preventing appreciable
corrosion of the tanks, These chromates have the advantage that they are not very soluble and that
the cartridge is effective over long periods, that they are effective in protecting bare magnesium
alloys and therefore places at which the chromate treatment film has been damaged, and that the
effect is operative also on aluminium and aluminium alloy parts of the tank or the fuel system, It is
important that the design shall be such that free water present in the tank will necessarily reach the
cartridge. Contact with chromates has no harmful effeet on the fuel.

Fatigue and Corrosion-Fatigue Properties. 

The importance of fatigue properties will be so apparent, I am sure, as to need no emphasis. Aspects
of fatigue in light alloys alloys which are specially important to the aircraft engineer are:

(1) The general form of the S/N graph. |
(2) The influence of variation of mean stress upon the fatigue range.
(3) The influence of notches and changes of section.
(4) The influence of plastic deformation before testing.
(5) The influence of surface finishes and treatments.
With reference to (4), recent laboratory experiments suggest that the fatigue properties under

reversed bending stresses are reduced somewhat in magnesium-rich alloys by previous straining of
the material longitudinally in tension. Under fluctuating direct stresses, the fatigue resistance was
lowered substantially for magnesium-rich alloys and to a less extent for duralumin by previous
bending and re-straightening of the pieces. These aspects of fatigue bear closely upon the successful
use of the light alloys and merit further study. 

In recent years research work on the influence of pickling and etching treatments on light alloys has
shown that some such treatments affect the properties of the surface layers seriously and cause
substantial  reduction in the fatigue limit  in  bending.13,14 The Wȍhler range of duralumin is,  for
instance reduced about 30% by etching for a few minutes in caustic soda solution. Baths have,
however, been developed for etching of light aluminium alloys to reveal the macro-structure, grain
flow etc. without serious injury to the fatigue properties. It is perhaps fortunate that the damage
done by vigorous etching treatments appears to be confined to surface layers only a few thousandths
of an inch deep and is to some extent evanescent. Present indications are that pickling and surface



treatments which remove appreciable amounts from the surface of aluminium-rich or magnesium-
rich alloys are liable to be very injurious to the fatigue properties in bending and should not be used
on components in finished dimensions.

Some experiments on the corrosion-fatigue properties of light alloys: by Gough and Sopwith15,16

indicated the absence of a definite “limit” in corrosion fatigue tests, Later work at Farnborough on
duralumin17 has shown that though surface treatments of the types capable of affording general
protection against corrosion give a considerable general Improvement of the performance under
corrosion-fatigue  conditions,  complete  protection  was  not  afforded  by  any  of  the  protective
treatments applied. The effects of protective coatings on magnesium-rich alloys under corrosion-
fatigue  conditions  are  at  present  under  investigation.  It  appears  probable  that  new  forms  of
protective treatment for these conditions will be realisable by research work in this field, but the
fact that the conditions employed in these early experiments have been far more strenuous than
those commonly met with in practice must not be overlooked.

Fatigue and Steady Stress.

In the author’s experience, service failures in light alloys under steady stress and corrosion have
been very few indeed. Such failures as have occurred have usually not been attributable to the
effects  of  the  operating  stresses,  but  to  stresses  arising  from the  manner  of  production  of  the
component from the raw material or to assembly of part of a structure in such a way as to impose
steady stress. Fig. 1 illustrates one rare instances of stress corrosion failure.

As shown by Irmann and Miller,18 duralumin is relatively insensitive to stress-corrosion effect if
correctly heat-treated, i.e., the depreciation in mechanical properties such as breaking load and and
elongation is not much affected by static stresses applied simultaneously with salt spray. This aspect
of stress-corrosion study is very important and interesting, but the question of liability to fail under
prolonged application of steady stress and corrosive influences is probably of more importance to
the  aircraft  engineer.  Brenner  and  Roth19 have  studied  the  tendency  to  crack  under  stress  and
corrosion as affected by previous reheating to moderate temperatures (50 to 300oC). Their results
suggest inter-relationship of intrinsic tendency to intercrystalline corrosion and liability to fail under
low  stress  in  conditions  of  steady  stress  and  corrosion,  and  also  indicate  superiority  of  the
duralumin type of alloy over the magnesium-aluminium type of alloy (6.6 to 8% Mg) under these
conditions; this latter observation is also confirmed by recent work of Althof.20

Practical experiences has shown that it is inadvisable to bend or form extruded sections in high
strength alloys in the solution heat-treated and aged condition, especially in the case of alloys which
are intrinsically  susceptible  to the intercrystalline form of  corrosion.  In such alloys  bending of
profiles extrusions is liable to leave them under considerable internal stress and is best effected on
soft material.



Spot Welding if Light Alloys.

In recent years very considerable advances have been made in the spot-welding of aluminium and
aluminium alloys. Improvements in strength properties of the welds, and consistency in strength of
individual welds have resulted from improved technique. A micro-section of spot welded “alclad” is
shown in Fig.2.

Spot welding has so far been applied only to light secondary structures. The position has not yet
been reached at which spot welding can replace riveting in primary aircraft structures.

When spot welded high strength, light alloys are used in stressed parts of structures isolated welds
tend to fail suddenly when the structure is stressed, and this feature appears to render the structures
weaker  than riveted structures  at  present.  Two features  of  spot  welds  in  light  alloys  appear  of
importance in  this  connection;  first  the apparent  shortness  of  the  material  of  the acst  structure
constituting the weld, and secondly the tendency for welds made between profiled large sheets of
other parts to be more variable in strength than welds made between small flat sheets. Another
feature of the importance to the aeronautical engineer is the fatigue strength of spot welds, which is
at present substantially lower than that of duralumin rivets of size suitable to the sheets, though the
sheer strength of good spot welds is normally higher than that of the rivets. In view of the recent
advances in spot welding technique it may reasonably be expected that spot welds of improved
properties and serviceability will be developed. The Panel on Spot Welding of Light Alloys of the
Welding  Research  Committee  under  the  Chairmanship  of  Mr.  Gordon  H,  Field  is  pursuing
important experimental work in this field, 2



Rivets.

The light alloy rivets used in aircraft construction are made mainly in:
Duralumin (L37, T4)
16ST Alloy (D.T.D.327)
MG4 (D.T.D.180A)
MG5 (D.T.D.303)
MG7 (D.T.D.198A)

Heat-treatment before use of the rivets is normally employed only in the case of Duralumin rivets.
The other materials are sufficiently soft to permit riveting without being heat-treated immediately



before being used. The rivets are used in a variety of solid and hollow forms, Figs, 3 and 4 show
sections through “pop” rivets of the break-head mandrel type suitable for use when access to only
one side of a sheet is possible. 

These rivets are made in MG4, the mandrel being of steel. A slight waist is provided in the shank
just below the head. When the riveting tool is applied, pressure on the tool forces the rivet into the
hole and applies tractive force to the mandrel. During the operation the mandrel head-first bulges
the projecting end of the rivet and then shortens and thickens it throughout, thus drawing the plates
together  and  swelling  the  rivet  to  fill  the  hole.  The  application  of  further  pressure  causes  the
mandrel to break, the broken head remaining firmly gripped in the tail of the rivet.

In conclusion I would make special mention of the excellent and very complete survey of materials
of aircraft construction given by Dr. Gough in the Twenty Sixth Wilbur Wright Lecture.5



SOME METALLURGICAL ASPECTS OF A GAS TURBINE ENGINE

S. Heslop, AI.M., A.C.T. (Birmingham)

(A Paper given to the Birmingham Metallurgical Society January 17th, 1957) 

Possibly  in  the  gas  turbine  engine,  more  than  in  any  other,  is  the  work  of  the  engineer  and
metallurgist complementary. It has been said that the gas turbine engine will ultimately relegate the
piston engine to that of junior status, but there are still many problem to be overcome and since we
cannot repeal natural physical laws, we must overcome them in some other way.

The Rover Company's introduction to the gas turbine engine came primarily when the drawings of
the ambitious Whittle W.2 Unit were handed over for manufacture and development early in the war
years and resulting from this came the straight through combustion system developed by Rover
engineers. 

Whittle’s aim was a high-performance aircraft and he proposed to achieve it by jet propulsion using
the gas turbine. Whittle ran his first engine in 1937 and eventually gave the R.A.F. a prime mover to
which it was fully committed at the end of the war. As previously mentioned, the Rover Company
were involved in the multi-firm effort during the war and profiting by the knowledge gained under
the  compulsion  of  conflict,  subsequently  commenced  work  upon  a  secret  project  which  was
camouflaged by a  non-de-plume.  This  culminated in the demonstration of  the world’s  first  gas
turbine car at Silverstone in 1950, the vehicle being aptly registered as "Jet 1." History was further
made in 1952 when on Thursday, June 26th, the turbine car achieved a speed of over 151 m.p.h,,
and established a World Record. The driver of the car on this occasion was Mr. Spencer-King and
the place, the Jabbeke Motor Road in Belgium.

A Gas Turbine Engine for Automotive Use

There are several designs of engine for use but probably the most popular is that which employs a
free  power  turbine  i.e.,  the  power  turbine  shaft  is  independent  of  the  compressor  shaft.  This
arrangement  permits  the compressor  to be run up with the car  stationary to  a point  where the
resultant gas flow through the blades of the power rotor is just insufficient to apply noticeable
torque; this is idling speed from which the compressor can be accelerated while the car is held by
the brakes. Full torque becomes available therefore from rest.

Another form of layout is one without a free power turbine, all the power being taken from the
compressor turbine shaft. Whilst construction would be simplified the torque characteristics at the
moment are poor and something like the conventional gear box would be required. With the free
power turbine this is not so.

The advantages of this type of engine for car use, include lightness relative to power produced, the
absence  of  radiator  or  cooling  equipment,  and clutch  with  multi-speed gearbox.  The latest  T.3
engine operates  at  a  maximum speed of  53,000 r.p.m.,  a  pressure ratio  of  3.85/1,  a  maximum
temperature of 830oC, and a mass flow of 2 lb./sec. The idling speed is 15,000 r.p.m.

The 18/60 Unit

The mode of operation of a gas turbine engine is too well known to require repeating here. Some
clarification is probably needed however, between engines producing jets for reaction propulsion
and those producing shaft horsepower, Aircraft fall into two categories, first that requiring pure
thrust  from  a  high-speed  jet  which  propels  the  aircraft  by  reaction,  and  secondly  the  turbo



compressor unit driving an air-screw and with some slight thrust from the exhaust. Ground units
produce no jet and perform as turbo compressor units driving a shaft for power. The chief difference
here js that expansion of the hot gases takes place primarily across the nozzles and the turbine rotor
for maximum shaft power in the case of ground units or aircraft employing an airscrew, whereas for
power jets the expansion takes place across the nozzles and turbine rotor with expansion in hand
after the turbine rotor for maximum thrust.

Aircraft gas turbine engines are concerned with problems such as:
1, Aerodynamics.
2, Mach numbers in relation to the power plant itself,
3. Fuels with the highest calorific value per unit volume,
4, Range in relation to fuel economy,

On the other hand, ground turbines are concerned with:
1. Long life with extensive periods between overhauls,
2, Dirt in the atmosphere which reduces power and creates erosion,
3. Problems of cleaning the engine, 
4. Corrosion particularly of heat exchangers due to the quality of the fuel applied.

The IS/60 is related to the car unit but minus the and shaft, thus producing a 60 b.h.p, single shaft
turbine with heat exchanger.

The advantages are light weight (for example, the bare engine weighs 116 lb.) and compactness, A
relatively high fuel consumption is off-set by these advantages and the fact that it can run on waste
gases, natural gases and cheap liquid fuels (sewage gas, blast furnace gas, coal gas, paraffin, diesel
oil and petrol). The unit operates at a constant speed of 46,000 r.p.m. and the power take-off shaft
has a speed of 3,000-8,000 r. p.m., as may be required for specific purposes. It must be remembered
that the gas turbine engine uses no water since it is self-cooled and therefore, no cooling radiators,
pumps, or corrosion problems due to this are In existence, It does not freeze, and is in fact little
affected by low temperatures. Little lubricating oil is used, and lubrication is simplified. There is no
sliding friction and no heavily loaded bearings. Anti-knock ratings can be forgotten, and the so-
called safety fuels may be used. Since continuous power production occurs instead of intermittent
power, the working pressures are lower, and this means that at a lighter structure can be employed.

The many uses of this engine include electricity and power production for a variety of uses and it
forms a light and compact powerful auxiliary plant for large aircraft,

Comparison of Engines

It  will  have  been  noted  that  there  is  much  similarity  in  form  and  construction  between  the
automotive  and industrial  forms  of  turbine  engines.  Turbines  differ  from other  types  of  prime
movers in that they must operate continuously with high gas temperatures to attain a reasonable
efficiency. The high temperature exists all the time, is higher than in other forms of construction and
it is not dissipated as in a piston engine. Temperatures in the order of 650°C.-700°C. Are required
even after generous cooling which has to be paid for in compressor work,

The differences between a 60 b.h.p. conventional reciprocating unit and a 60 b.h.p. turbine (Fig. 1)
can be summarised as follows:

1. Motion.
2. Materials.
3. Mass (weight).



Motion

The gas turbine is a continuously rotating form of power generator and is thus free from the
vibration associated with the reciprocating type.  The uniform and continuous power production
contrasts with the intermittent form when “up and down” motion is converted into rotary energy,
Instead of a crankshaft, connecting rods and pistons, camshaft, push rods, valves, valve springs and
rockers each moving in its own particular manner, combined to give reciprocation, rotation and
oscillation, the turbine has one (or two) shafts to which are affixed light-weight rotors and power
take-off gears all of which are balanced carefully for high-speed rotation.

 



The speed of the 60 b.h.p. engine is approximately 5,000 r.p.m. maximum and the 1S/60 46,000
r.p.m. 

Materials

The materials of manufacture differ considerably. The heavy iron castings of the conventional unit,
i.e.,  the  cylinder  block  and  head,  the  oil  pump  and  exhaust  manifold,  are  replaced  by  light
corrosion-resistant aluminium alloy castings and heat- and corrosion resistant sheet metal welded
assemblies.

The high tensile forgings in alloy steels have as their counterpart in the turbine, heat- and corrosion-
resisting highly alloyed materials. Some gears in forged steels complete the principal components.

 Mass (or Weight)
  
The total weight of a typical spark-ignition engine and gearbox is approximately 500 Ib. compared
to approximately 116 lb. of the industrial turbine. The weight of the parts in motion in the engine
are respectively about 90 lb. and 10 lb.

COMPRESSOR UNIT

Compressor Assembly 

The compressor unit forms part of the rotating mechanism and consists of a single-sided impellor
and rotating guide vanes driven by a single stage axial turbine mounted on a common shaft running
in only two bearings (Fig. 2). Due to years of use in pressure charging reciprocating engines radial
compressors  have  had  many  years  of  development  and  their  performance  and  reliability  are
established. Normally,  the diameter of a  radial  compressor is  greater  than an axial  type and to
produce  the  volume  of  air  required  the  size  and  speed  are  calculated  accordingly.  Radial
compressors can be run at higher speeds than axial compressors and they are cheaper and more
robust. In round figures the peripheral speed of a 6½ in. diameter compressor rotor at 46,000 r.p.m.
is approximately 900m.p.h.  At a speed of mach 1 or above, the stresses are of such magnitude that
it becomes almost imperative to have truly radial vanes and bending stresses are avoided in that the
vanes are stressed solely in tension.

The abrupt change of air flow when air is drawn in through the inlet into the compressor at the
speeds mentioned would lead to incomplete filling of the vanes were it not for the rotating guide
vanes,  the object  of which is  to  change the directional  flow and to reduce entry shock.  These
rotating guide vanes are near the hub and mechanical stressing is not sufficient to preclude the use
of curved vanes even in aluminium alloys, although for our purpose steel vanes are used which are
less susceptible to fatigue failure than aluminium and less subject to erosion.

The compressor rotor, the strength of which lies in its shape, is a single-stage centrifugal type. This
form of compressor is not notably efficient, the compression ratio being about 3.0/3.5 to 1 and the
temperature rise 140°C., and for something better than this a two-stage centrifugal or multi-stage
axial compressor would be required. The more number of stages the greater is the power absorbed
thus reducing the amount available for use. The centrifugal or radial compressor imparts a high
kinetic energy to the air, and a large proportion of this kinetic energy is subsequently converted
into  pressure  energy  the  diffuser  system,  in  this  case  pressure  is  approximately  30  lb.in.  The
seventeen-vane  impeller  is  machined  from  an  aluminium-copper-magnesium-nickel-iron  alloy
forging, possessing good strength and creep resistance up to the operating temperatures and it is
shrink fit on to the shaft; also shrunk on to the shaft are the steel rotating guide vanes which have



curved leading edges to assist air entry into the eye of the impeller. The rotating guide vanes were
originally 3% nickel alloy steel hardened and tempered to a tensile strength range of 45-55 tons/sq.
in, and of correspondingly high ductility and shock resistances; development has necessitated some
changes which will be dealt with later.

Rotating  guide  vanes  could  be  integral  with  the  impeller  and  either  bent  after  machining  or
machined to shape, It is difficult to achieve a good shape by the former method and the latter is a
difficult machining operation, Because of this, separate rotating guide vanes are employed and it ia
very  important  that  the  individual  blades  are  prevented  from vibrating,  this  bringing us  to  the
question of the conditions which must be withstood by the unit, Since it is primarily a stationary and
ground type of engine the passage of a much larger volume of dirt and dust from the atmosphere
through the engine must be taken into account since the erosion can be quite considerable as will be
shown later, In addition normal corrosion difficulties exist, particularly in Industrial areas.

The stresses to which the parts are subjected can be readily calculated and the compressor is safe
against centrifugal loads at far higher speeds than it is useful to run because of the drop in efficiency
at  these high speeds.  The “bête  noir”  is  fatigue failure due to  alternating stresses arising from
vibration. The source of the vibration is frequently most difficult to determine and entails long
and tedious Investigation (Fig, 3).

These principal factors of erosion, corrosion and fatigue, have to be considered jointly. 

Following earlier forms of rotating guide vanes made in 45-ton tensile nickel alloy steel from bar
material and cadmium plated against corrosion, the experience of later engines caused a shift in
thought and the part  was modified to be in 12%-14% chromium stainless steel to specification
EN.56D and forged by an up-set method to produce a grainflow carefully laid down on the forging
drawing. (Fig. 4.)

Forgings now are approved by the Metallurgical Department and are partially machined and then
hardened and tempered to 55-65 tons/sq. in. tensile strength before being finished-machined. The



machining  operations  involve  turning,  “kellering”  and  hand  finishing.  This  ensures  improved
properties including a higher fatigue ratio as determined under normal conditions, better resistance
to erosion and all the corrosion resistance required. The finish of the blades is very important and
investigations  into  the  use  methods  such  as  polishing,  vapour  honing,  shot  blasting  and  “rot-
finishing”  have  been  made  in  addition  to  electro-polishing.  It  should  be  noted  that  careful
metallurgical control of these parts is necessary to ensure freedom from defects which may cause
failure at the speed involved.

In  assembling  the  rotating  guide  vanes  to  the  centrifugal  compressor  on the  shaft,  conical  nip
between mating faces and the off setting of the centre of gravity of the blades is employed to reduce
vibration by frictional damping. The construction of the centrifugal compressor depends upon the
ability  to  manufacture sound forgings  and for this  purpose the material  must  be worked in all
directions under an established plan, proved by carrying out extensive testing of the forgings in all
planes and sections. (Fig. 5.)

The complex aluminium forging contained approximately 2¼% of copper, 1½% of magnesium, 1%
nickel and 1.2% iron is in accordance with specification D.T.D.724 and is heat treated by applying a
solution process at 530oC. ±5oC. For 6 to 10 hours, followed by quenching in boiling water and a
precipitation process, 185oC. ±10oC for 6 to 24 hours. Typical mechanical properties may be given
as :

The impeller forging is machined by turning drilling and milling in the orthodox manner. After
finish machining the part is anodised in accordance with specification D.T.D. 910C and sealed. For
the purpose of assembly, the rotating guide vanes are heated to a temperature of 300oC., whilst the



higher expansion of aluminium alloy over steel enables the lower temperature of 175oC to be used
for the impeller this preserving the mechanical properties. As a point of interest when rotating guide
vanes, which had been cadmium plated against corrosion were employed, difficulty was frequently
encountered with the high fitting temperature owing to the melting point of cadmium, which is
321oC.

Accurate  balancing  is  required  after  assembly  for  all  rotating  parts  and  to  accomplish  this  a
balancing ring is provided on the rear ace of the compressor forging.

In operation the force upon the compressor are, centrifugal due to the high-speed rotation, blade
bending by the air load being propelled, and axial load from air suction. The axial load which draws
the compressor and shaft towards the source of the air is more than balanced by the opposing load
on the turbine rotor and the high-speed helical gear taking the power off. The remaining axial thrust
is taken by an angular contact bearing assembled at the front of the compressor shaft; the remaining
bearing, for it will be remembered that only two bearings are employed, is a roller bearing ahead of
the turbine which supports the rear end. This roller bearing utilises a track in the shaft as its inner
race whilst the outer race forms a flexible mounting to locate the rear of the shaft radially.

Summing up this part of the engine it will be found that the compressor is a straightforward high-
quality  forging properly heat-treated and giving  no trouble  in  service.  The rotating  guide  vane
problems have been overcome primarily by “ad hoc” means, resulting in a high-quality forged steel
sub-assembly  able  to  with-stand  the  various  stresses  to  which  it  is  subjected  and  resistant  to
corrosion and erosion by virtue of its properties.

Diffuser

The diffuser  blades  surround the  impeller  and since  vibrating  stresses  have  been known to  be
imparted to the compressor impeller from it,  and to avoid harmonics, the diffuser vanes are an
“odd” number i.e., the 17 vaned compressor is surrounded by a 9 vanes diffuser. The radial diffuser
(Fig. 6) is a separate static aluminium alloy component and is made as a forging in material to
specification S.T.A.7, A.W.5/A. or “Hiduminium” 33. 



This material is a 3% magnesium alloy containing 0.75% maximum iron (.32), 0.60% maximum
silicon (.15), and 1.0% maximum manganese (.46). It is not heat-treated because the stresses upon it
are low and typical mechanical properties may be gives as:

The diffuser blades have their inlet angles set to receive air from the compressor without shock. It
will be recalled that when the larger proportion of the total pressure rise occurs in the rotor the
remainder is built up in this stator.

Having avoided mechanical difficulties, if any and temperature of the air being without influence,
this part now requires consideration from the viewpoint of corrosion and erosion and how
these are being overcome by a process of hard anodising. (Fig.7).

Hard anodising involves the production of thick hard anode coatings on aluminium and aluminium
alloys  and in  relation  to  conventional  anodising  it  stands  somewhat  similar  to  the  relationship
between  hard  chromium and  decorative  chromium plate.  The  treatment  produces  a  surface  up
to .002 in thickness which is capable of withstanding friction and erosion. The maximum thickness
varies with the alloy used and for a particular set of conditions, Variations in temperature, current
density, voltage and acid concentration are made to achieve the results desired. Generally speaking,
a 10/15%, sulphuric acid solution is used at temperatures between 0°C, and 10°C., and the current
density is maintained consistent at approximately 20-25 amps. /sq, ft by adjustment of the voltage
during the process which commences at about 25-30 volts D.C., and increases to 40-60 volts during
processing.  In  certain  cases,  super-imposed  alternating  currents  have  been  employed  with
advantage. It appears that aluminium alloys containing more than 3% copper and more than 7½%
silicon give rise to difficulties in processing.

The  effect  of  maintaining  the  temperature  low is  an  improvement  in  film  thickness  due  to  a
reduction in solvent effect, and this low temperature decreases the soft outer layer which occurs at
temperatures over 10oC., the acid concentration affects the thickness since after a set period of time
no improvement of the thickness of the film occurs due to the establishment of equilibrium between
the rate of formation and the rate of dissolution. High voltages tend to favour the production of
films that are hard provided that other factors are suitably adjusted. Burning may occur due to poor
contacts and agitation is necessary.

The hardness of an anodised film is obviously difficult to determine with precision and only micro-
hardness methods are suitable. Tests have been made by the Aluminium Development Association



on “Hardas” coatings and the results appear to vary with the load employed. Hardnesses on coatings
produced  on a  magnesium aluminium alloy  similar  to  the  one  discussed  gave  results  between
V.P.N.363 and V.P.N 460. The hardness of hard anodised coatings is attributed to the formation of
oxides between the initial oxide surfaces and the parent metal. The effect, therefore
is of production under compressive stress and it is this stress which is the source of the hardness of
the crystals.

As far as is known the heating of specimens to temperatures which exist in the diffuser has little
effect upon the film. It appears that aluminium alloys containing up to 5%, magnesium are either
unaffected or may show some crazing when the temperatures reach 300oC., and then under these
conditions there seems to be little tendency for the coatings to become detached and it is anticipated
that for the diffuser no trouble of this order is to be expected.

Compressor Shaft

The compressor shaft is driven by the turbine rotor and it, in turn, drives the compressor assembly
and then the high-speed gear on the forward end. A gear train reduces the output pinion speed down
to 3,000 r.p.m., 3,600 r.p.m, and 4,500 r.p.m. or 8,000 r.p.m., as may be desired.

The engine is designed to run at a constant speed of 46,000 r.p.m. and the principal stresses upon
the shaft are at low speed where the torque is highest. The so-called “stalled” state produces the
maximum torque, and this falls away as speed increases, Shafts running at high revolutions have a
critical whirling speed which can set up severe stresses, in this case the design is such that the
critical whirling speed is 75,000 r.p.m., which is well above the normal running speed. In addition
to any effect upon the shaft would be the influence upon the bearings since any deterioration in
balance due to bearing wear would remove the attractive smoothness of the turbine and may initiate
a failure.

The  compressor  shaft  is  made  from  a  2% nickel-molybdenum  alloy  steel  forging  and  this  is
carburised and hardened to have surface hardnesses of Rockwell “C” Scale 61-64 for the bearing
tracks and a core strength of 50 tons/sq. in. minimum.

To obtain a first quality part our procedure is to specify the need for approval of the cast of material
before  forging  commences.  The  approval  requires  that  the  chemical  composition,  mechanical
properties, heat-treatment, inclusion count and macroscopical characteristics shall be determined.
Thereafter having approved the Material it  shall be forged to a specified grainflow designed to
provide that operating loads shall be most readily acceptable. The size of the forging bar
and the method of forging may be stated, and the procedure is checked by etching the grainflow
before approval of the forging process. Having obtained the forgings and established their identity,
they are cyclic annealed to eliminate residual forging strains and to produce the structure most
suitable for machining, The cyclic annealing process involves heating the forging to a temperature
of 960°C. and holding there for one hour. Following a rapid cool to 650°C. the components are
slowly  cooled,  still  passing  through  the  continuous  furnace,  until  upon  exit  they  are  at
approximately 250oC. After machining the parts are carburised to the required depth of case at a
temperature  of  approximately  925oC.  Where  gas  carburising  is  employed,  the  active  cycle  is
followed by diffusion thus eliminating the excess hyper-eutectoid carbon before the single quench-
hardening  operation.  The  normal  aim is  a  case  structure  containing  a  small  amount  of  hyper-
eutectoid carbon adjacent to the surface. Tempering of these and similar compositions is always
carried out.

Because of the design of the shaft and the fact that it forms part of the lubrication system in that oil
pressure from the pump is led through a jet into the shaft from which the lubricant is fed to the



turbine bearing, it is absolutely necessary that the shaft be perfectly clean internal For this purpose
the cleaning operation has been carefully specified in the form of a technical instruction that must
be carried through when all machining and heat-treatment operations are completed,

In passing it might be mentioned that occasional bearing failures have been experienced In the past.
Failure occurs in progressive fatigue from the point of initiation which starts usually by   “shelling-
out”. This type of failure may be started by skidding of the balls or rollers, by “slip-stick” processes
and by the passage through the bearing, of foreign matter. As an example, Figs. 8,9,10
illustrate a type of breakdown mechanism.

Gears

Gear failure occurred occasionally in the early days of gas-turbine development, but these have
have been eliminated now. The form of failure was again that of “shelling-out” which produces
progressive breakdown. One of the most important features of any gear is its form in relation to its
mating components. It matters little that the finest material available is specified and the utmost
attained  in  processing  to  the  maximum  mechanical  properties  and  exactness  of  metallurgical
structures if the form of the gear generated is not correct to suit the operating conditions, Indeed it is
far better to sacrifice some the metallurgical quality to achieve perfection of form, as for instance
the adoption of single quenching as opposed to double quenching procedures, when case hardening
steels are employed. If the form of the gear is not satisfactory for the train, failure is inevitable
sooner or later; the attainment of exactitude of form, even where some small metallurgical sacrifice
is made, will provide a result far superior to that obtained otherwise; the gear will be “happy” and
the fatigue stress reduced or eliminated.

Fatigue failures may well deserve a note at this point. We are familiar with the conchoidal form of
fracture shown by crack development at normal speeds say between 1,000 and 4,000r.p.m., the
shell-like face is frequently oxidised and exhibits the typical reddish-brown iron compound where
the faces have been moving differentially to one another. In mechanisms such as gas-turbines the
speeds are so great that a full 10 million reversals test is completed in less than 4 hours nd one has
to consider tests involving something of the order of 250 million reversals.



The stage is reached therefore where, since development running of the engine must occur, the
fatigue  test  is  carried  out  under  the  finest  possible  conditions,  i.e.,  as  a  full  component  under
working conditions. Incidentally, the form of fatigue failure differs from the conventional owing to
the frequency of the reversals. We hold the opinion that the crack once initiated, develops rapidly
and failure comes quickly.  The non-ductile fatigue fracture is  smooth and grey and shows few
conchoidal marks or brown oxide, typical of normal fractures, as our experience goes.

THE AXIAL TURBINE

Owing to stage losses In multistage turbines there is an advantage in using only a single stage
provided the output can be obtained, and this implies high speed of rotation and preferably the use
of  radial  compressors,  Further,  a  single  stage  turbine  in  conjunction  with  a  single  stage  radial
compressor  is  the  simplest  combination  for  a  turbine  engine,  Hot  gases  from the  combustion
chamber, cooled and diluted by cooling air from the combustion chamber walls enters the nozzles at
a  temperature  of  about  750°C,  and  emerges  from rotor  blades  at  about  660°C,  For  maximum
efficiency the gas should enter the turbines at a high temperature which obviously is limited by the
capacity of the materials to withstand the effects of such temperature. The excess cooling air which
lowers the thermal efficiency increases the mass flow and this promotes shaft efficiency. The work
done may be crudely described as being that due to:

The stresses in the disc are the result of inertia forces and temperature gradient. The inertia force
due to the weight of the disc produces a radial stress and a tangential or hoop stress. The thermal
stress  is  due  to  a  temperature  gradient  from  the  rim  to  the  centre,  which  produces  a  high
compressive stress at the large diameter. The compressive stress may produce plastic yielding of the



material during the first run, resulting in a residual tensile stress afterwards in the cool stationary
state. The effect of plastic yielding is to increase the hot running radial and hoop stresses slightly,
except towards the rim it is zero, and reverses to compression at the extreme outside diameter. Thus
in the cool stationary condition there is a hoop tensile tress in the rim section of several tons.

Blade stresses are due to centrifugal loading, gas loading and vibration. The centrifugal forces are
tensile and bending, and the gas loading forces, which have been mentioned under the compressor
assembly, are axial and tangential.

Gas turbines used for power generation require to a operate at constant conditions of full power or
approaching full  power for many thousands of hours and consequently the creep characteristics
relevant to such very long life are important. For aircraft purposes a relatively small portion of the
engine life is spent at full power but since full power means high stresses and temperatures, it is
these periods which are most damaging to blades. The aircraft designer is therefore, interested in the
behaviour of materials which may produce rupture in only 100 hours or less. The better  alloys
which  are  sought  have  a  value  which  lies  not  in  the  higher  strength  for  normal  operational
temperature ranges, but in the higher temperature ranges in which they are capable of operating.
When properly heat treated, these newer alloys of higher stress rupture and creep properties also
have increasing fatigue strength and good impact resistance. Thermal shock resistance is difficult to
assess  but  good ductility  is  most  useful  in  overcoming  this  stress  by  “ironing  out”  high  local
concentrations.

The larger portion of the disc from the centre towards the rim does not operate under conditions
causing  creep  strain  but  the  rim  has  to  be  both  creep  and  oxidation  resistant.  The  thermal
conductivity of the material of the rotor flattens temperature gradients whilst low thermal expansion
reduces  strain  induced  by  a  temperature  gradient.  Although  the  disc  does  not  operate  at
temperatures causes creep strain there is  a high stress at  the centre and to accommodate this a
material of high proof stress is desirable. 

Since the efficiency of a turbine is increased by reducing the blade tip clearance, the capacity of the
material to resist creep under stress at temperature is of major importance. In assessing materials for
behaviour under the complex conditions, existing laboratory fatigue tests may be of little practical
importance due particularly to the lower frequency at which they are made; they do, however, give
an indication of a relative merit.  Corrosion by combustion products may control the life of the
components in that accelerated creep or fatigue failures are influenced by the ability to resist attack.
Fortunately, the strongly oxidising conditions existent in a gas turbine exhaust are advantageous,
and of major importance for this component, in addition to a high resistance to oxidation is the need
for an adherent, tough and protective oxide scale,

Blade temperatures are much lower than the maximum gas temperature even after the whole of the
dynamic temperature is absorbed. A body immersed in a gas stream of high velocity will assume a
temperature equal to the static temperature plus some proportion of the dynamic temperature if
losses by radiation and conduction are negligible. Owing to the very high rate of convective heat
transmission, radiation and conduction losses have only a little effect on the temperature of the
blades.

Nimonic  “90”  material  has  been  chosen  as  the  alloy  capable  of  providing  the  strength,  creep
resistance,  fatigue resistance,  oxidation resistance and corrosion resistance needed for this  most
critical  component  in  the  engine,  but  it  is  not  proposed to  include  in  this  survey a  discussion
concerning the use of ferritic,  austenitic,  cobalt-base or nickel-base alloys since a great deal of
information has been published on their respective properties.



Although  not  as  important  as  mechanical  properties,  the  physical  properties  of  materials  of
construction must be considered carefully and these are:

Briefly,  it  may  be  said  that  the  thermal  conductivity  of  Nimonic  “90”  does  not  compare
unfavourably with other materials used in high temperature rotors and the co-efficient of linear
expansion is less than for the austenitic and cobalt-base alloys; it is similar to the values for the
ferritic materials. The density of Nimonic “90” is similar to the commonly established cobalt-base
alloys and is only slightly higher than the austenitic alloys. Ferritic alloys are somewhat lighter.

Coming to methods of manufacture the early rotors were machined from a “solid cheese” as is
shown in Fig. 11.

Coupled with the suitable interstage heat-treatments to remove the effect of surface working by
machining, the rotors were turned and then “nibbled” to shape on pantagraph machines. After final
heat-treatment  to  produce  the  maximum  creep  resistance  the  parts  were  finished  by  hand,  at
least .003 in. being removed all over. The time expended in machining necessitated continuous
development and the next stage was a forging of the shape shown in Fig. 12.

Further development in conjunction with a well-known forging company, then resulted in
the production of the close forging shown in Fig. 13.

The production of forgings of this type is a highly skilled procedure and involves much reheating,
cleaning, inspection, etching and plating, etc., to produce the finished forging which is not cheap.



In  producing  the  finished  part  from  a  close  forging,  the  blades  are  “milled’’ out  after  initial
skimming operations to the disc faces, forming of the boss and central hole, and it is then heat-
treated and finished (Fig. 14).

The material savings in developing the forgings are in the following order:-

A reduction  to  one-third  of  the  forging  weight  has  been  effected,  with  considerable  saving  in
material machining time and costs which has reduced the production cost very considerably.

The heat-treatment applied is as follows:

After initial machining operations the forgings are solution treated by soaking for 8 hours at 
a uniform and even temperature between 1080°C, and 1100°C, in a temperature controlled 
electric furnace using normal air atmosphere.
The parts  are placed on Nimonic “75” or other suitable heat resisting trays during this  
treatment after which, the components are oil quenched.
After the gashing of the blades the same treatment is again applied exactly,
After machining to size plus .005 in. the final heat treatment is applied. This consists of  
soaking for  8  fours  in  a  uniform and even temperature  between 1080oC,  and 1100oC,  
followed by air cooling. The parts are then precipitated by heating to 700oC ±10oC, for 16 
hours under similar conditions and again air cooled.
After  hardness  testing  the  components  are  shot  blasted  and  electro-etched  for  surface  
examination.

A failure of the forged high temperature rotor on its own account is unknown; damage has certainly
occurred, but this has been due to outside agencies and not by direct failure of the component itself
the greatest attention is paid to ensuring stability of the material in respect of residual stresses and it
is for this reason that the heat-treatment is somewhat more extended than might otherwise be the
case.

The  raw  material  is  produced  to  A.I.D,  requirements  and  is  fully  approved.  This  includes
examination  by  non-destructive  means  such  as  X-ray,  ultrasonic  and  fluorescent  methods  in
addition to etching and general visual inspection. 

In  considering  future  possibilities  of  rotor  production  there  are  several  fields  for  development.
Regarding the use of castings requiring little machining the position is that at the present time the
mechanical properties are much inferior to those of forgings and much remains to be done in this
field. Castings may suffer from a variety of defects and the turbine is only as strong as its weakest
blade or disc; better techniques coupled with better means of reliable examination will go far in
helping development in this field.

Whether the use of vacuum melting may give sufficient improvement, over the inherent weaknesses
of castings remains to be seen.

The advantages of vacuum melting have been listed as follows:
(a) Soundness in ingots because of lack of gas evolution.
(b) Extreme cleanliness due to elimination of inclusions.
(c) Very low gas content in solution.
(d) Completely effective alloying by elimination of gas-metal compounds.



(e) Controlled alloy content by eliminating losses as oxides and nitrides during melting.
(f) Improved fatigue life in service.
(g) Better serviceability of expensive materials.
(h) Higher stress rupture characteristics and ductility.

If some or all of these improvements can be made under reasonably economical conditions, castings
may well oust forgings.

Probably a more fruitful field for the moment will be the use of forging alloys capable of having the
blades extruded on to the disc so that the virtues of forgings coupled with the closeness of finish
anticipated, will provide an almost unbeatable lead over castings, An alternative is the manufacture
of rotors by welding or brazing utilising a disc most suitable for its requirements and
adding, blades close forged or lost was cast close to shape. Blades of Nimonic alloys or carbides are
examples, and the use of the lighter carbides might well improve inertia problems and acceleration.
Another of the problems for rotor blades is the old enemy erosion. The passage of gases carrying
atmospheric dust and possibly carbon from the combustion can, passing through the rotor, causes
erosion. (Figs. 15, 16). 

The clearance between the tip of the rotor blades and the shroud ring is very critical, for big losses
In power can. be produced by small variations in up clearance, Tip clearance can be effected by:

(a) Instability of the rotor.
(b) Instability of the shroud ring around the rotor.
(c) Excessive temperature, and /or
(d) Excessive speed. 

Any  instability  of  the  rotor  is  taken  into  account  in  the  heat  treatment  processes,  excessive
temperatures possibly coupled with excessive speed are prevented by the installation of temperature
and speed governors. Temperature governors operate in a position relative to the rotor and once
installed control the fluid flow to ensure a maximum rotor temperature, which if exceeded causes
the engine to be shut down. The true temperature at any point in a rotor is difficult to measure



although it is very important to gas turbine engineers and metallurgists—within limits an alloy may
develop its its optimum properties by suitable heat-treatment at a temperature which must not be
exceeded.  The methods  employed by ourselves  have  included the  use  of  temperature  sensitive
paints,  optical  pyrometry—the  disappearing  filament  which  requires  calibration  under  similar
conditions, fusible plugs and temperature relaxation methods. In all these cases one has to be aware
of the transitory starting and shutting down effects and it must be borne in mind that the optical
method necessarily averages the temperature over a certain area of the blades.

To draw to a termination the discussions of the turbine rotor, a few words regarding the use of
Integral blades versus separate blades, may be of interest.

One of the virtues of integral blading is the ability to transfer heat from the blade to the body, which
is cooled by air, without the interference of an “open” joint, Although we have seen earlier that
radiation and conduction losses from the blades are small compared to the high rate of convective
heat transmission, the absence of a joint eliminates a “heat-check” thus keeping the blades a little
cooler than would otherwise be the case,

The manufacture of very small blades —31 to each rotor, would be difficult except as precision
castings which would then require the root fittings to be individually machined, Further, with many
small blades, the rim of the disc is severely gashed leaving little metal between each blade, The use
of integral blades eliminates a lot of machining to the disc and also reduces possible stress raisers to
a minimum.

In the event of a blade suffering from “tip-rub” the effect of contact between the tip and the shroud
is to force the blade upstream which may destroy the fixing arrangements and ultimately foul the
nozzles. Integral blades are very securely anchored.

On the other hand, a single blade failure destroys the one-piece component. Usually in any rotor a
blade  failure  may  damage other  blades  but  with  separate  fittings  the  disc  can  be  refitted  thus
effecting a saving of the disc proper. Summing up this matter and bearing in mind the absence of
failure, the choice of an integral rotor appears to be quite reasonable.

Turbine Nozzle

Before reaching the turbine rotor, the hot gases from the combustion chamber, cooled and diluted
but  travelling  at  sonic  speeds,  must  pass  through  the  nozzle  guide  vanes  (Fig.  17)  and  their
continuously operating temperature is approximately 750°C. /800°C. The stresses on the vanes are
low but the high temperature and rapid variations thereof which occur when starting and stopping,
could  lead  to  buckling  of  the  vanes  or  cracking  of  the  metal.  Provided  that  the  material  is
sufficiently creep-resistant the latter disadvantage is more likely to occur.

 



The  gas  bending  stresses  are  due  to  the  change  of  momentum  and  the  thermal  stresses  to
temperature  and  variations  thereof.  Being  surrounded  by  sonic  hot  gases  the  stress  within  the
components must be considered. The main design requirement is to allow for thermal expansion
without distortion, or unequal expansion which could cause distortion affecting the throat area of
the  turbine  with consequent  drop in  output.  Expansion is  frequently  permitted by allowing the
blades to move on a floating pin which locates but does not constrain.

The ability to resist  erosion,  oxidation and corrosion is  of paramount importance for long time
service. The material employed is forged austenitic nickel-chromium tungsten alloy known as H.R.
Crown Max.  This  is  a  heat-resistant  steel  stiffened with  tungsten  and having good mechanical
properties at 800°C. Examples of typical properties are:

Assuming  efficient  resistance  to  oxidation,  etc.,  life  may  well  depend  upon  the  ability  to
accommodate  thermal  stresses  and  in  this  a  high  ductility  is  considered  of  major  value.  The
reduction of local stresses by the capacity for eliminating stress concentrations may well mean the
difference between success and failure. The form and shape of the blades coupled with the very
high rate of temperature variation when starting and stopping mean that considerable stress can be
set up since the blades are suddenly blasted with hot gases and usually the trailing edges of thinnest
section heat up more quickly than the leading edge of heavier section. Conversely when shutting
down  the  engine,  the  flame  is  put  out  and  very  quickly  the  nozzle  blades  are  blasted  with
comparatively  cold  air,  the  thinner  sections  being  quenched  before  the  heavier  sections  thus
reversing the procedure,

Stability  of  material  is  an  important  consideration.  The possibility  that  phase change,  relief  of
residual stress and precipitation may occur in service must be taken into account. For this reason,
the component is  heat-treated at  inter-machining operations. As delivered the material  has been
heat-treated by air cooling from 1050°C., and after removal of the bulk of the metal by machining,
heat-treatment again takes place by soaking at 1050°C. For to hours using an electric furnace with
normal air atmosphere, followed by slowly cooling in a protective position.

Subsequently the nozzle proper is welded to an austenitic stainless steel sheet assembly after which
the whole is again processed by raising the temperature to 850°C.-900°C. and soaking for 1 hour
and then the material is air cooled. 
These  treatments  have  been  found  to  be  satisfactory  for  their  purpose  and  together  with  the
characteristic resistance to erosion and corrosion, the high ductility of the materials and the ability
to accommodate thermal stresses ensures satisfactory service.

HEAT EXCHANGER

This is the radiator problem “in excelsis”.

Heat exchangers are not fitted at the present moment to theIS/60  engine  but  for  reasonable  fuel
consumption in automotive use the installation of a satisfactory heat exchanger is a “must.”

Two problems are involved; one is to transfer sufficient heat to be useful without occupying a
prohibited amount of physical space,  and the other to overcome the difficulties associated with



rapid changes in temperature of metals and the effect of the gas at the temperatures involved upon
the metals. Two forms of heat exchangers usually come to mind; one, the recuperator, exposes a
large surface to the heat and its opposite surface to the cold medium, the heat flowing from one to
the other.  The other,  a regenerator,  inserts a heat storage device alternately in the hot and cold
medium.

Information published to date indicates that the design of the Rover Unit consists of a plate type
secondary surface contra-flow exchanger, which takes heat from the exhaust gases to heat the
compressed air before it enters the combustion chamber. Further, the materials employed are stated
to be stainless steel strip and copper for brazing.

The manufacture of heat exchangers consists in carrying out a series of operations upon costly
materials with great care and precision since in addition to the value of the material and the time
expended  upon  its  manipulation,  it  is  virtually  impossible  to  inspect  the  final  result  by  non-
destructive means. Part examination of sub-assemblies can be carried out and this, combined with
precise  manipulation,  ensures  satisfactory  manufacture.  The  copper  brazing  of  the  materials
constitutes the most important part of manufacture.

Brazing is carried out using O.F.H.C. copper foil in accordance with the specification requirements.
It is prepared for use where high thermal conductivity is especially important and where the highest
ductility  is  advantageous.  The  material  is  superior  to  H.C.  copper  (tough-pitch),  silver-bearing
copper, de-oxidised copper (phosphorised), and unspecified copper. It is used in the annealed state.

The stainless steel must be in a suitable condition for brazing, that is, it shall be in the softened
state, free from dirt and visible oxidation.

The design of the parts for brazing must incorporate,  as far as possible,  suitable means for the
mitigation of stress concentration at all temperatures.

The total furnace time is relatively unimportant but the brazing time, i.e. the actual time during
which the molten copper is in contact with the austenitic stainless steel is very important. Molten
copper causes intergranular attack upon the steel; it is therefore essential that the time during which
the temperature is above 1083oC is held to the minimum and this involves rapid heating and cooling
to achieve the requirements. Rapidity of heating must take into account the proper attainment of the
necessary temperatures throughout the assembly.

The most important feature of the process is that the right technique shall be established and shall
be maintained thereafter without variation. This we have found to be most important.
The operational temperature of this component is below 400oC and therefore at the temperatures
involved the formation of sigma phase is very unlikely even after many thousand hours. Because we
wish  to  have  all  the  advantages  available  from  the  material,  considering  the  manufacturing
viewpoint as well as service, we specify that the materials shall contain between 3% - 3.9% of
delta-ferrite.  Although considered  primarily  as  a  requirement  in  welding,  where  it  is  generally
accepted that a low percentage of ferrite in 18/8 weld deposit is necessary for consistently sound
welds (reference should be made to the Schaeffler diagram), it is obvious that the temperatures
employed in copper brazing cover a large part of the temperature range involved in welding and
stresses, to some degree related, may exist.

The effect of temperature during brazing on delta-ferrite is gradually to absorb this phase but owing
to the time limitation there is always some left afterwards.



As a result of the fall in gas temperature across the exchanger a corrosive medium which has not
been previously mentioned now requires consideration. This is sulphuric acid formed by oxidation
of sulphur compounds in the fuel and it is necessary to consider some of the properties of sulphuric
acid in relation to the heat exchanger.

It is known that dilute sulphuric acid boils with the evolution of practically pure water but as the
concentration increases sulphuric acid vapour begins to volatilise until at 98.3% by weight, the
evolved vapour has the same concentration as the liquid. At the temperature of combustion, the acid
formed will be in the form of vapour, but if the temperature of the exit end of the heat exchange
falls below 338oC. Sulphuric acid will exist as minute droplets in the gas stream, and these will
impinge of the metallic components present and will not pass through as vapour. In addition, the
hygroscopic action of sulphuric acid is an important factor in diluting and thus spreading the acid
over the surface of the metal. This then is just one more of the problems which has been faced in
considering some of the metallurgical aspects of a gas turbine engine.
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METALS IN POWER GENERATION

M. G. Gemmill, B.Sc., A.I.M.

(Lecture to the Society in 1963)

Current metallurgical problems being investigated by C.E.G.B. Research Laboratories

The generation of electrical power produces metallurgical problems largely peculiar to this industry.
Work at the laboratories of the Central Electricity Generating Board is directed to investigating the
problems  encountered.  This  article,  which  was  presented  as  a  Paper  before  the  Birmingham
Metallurgical Society, discusses some current investigations.

Iron, magnesium and uranium are three of the metals having alloys of technological significance to
the electrical supply industry. With steel. the most commonly used of these alloys, the main problem
is to adapt existing properties to new requirements. Magnesium alloys are by comparison simpler,
and it is possible to draw upon the technology built up in other industries such as aircraft. Uranium
is an example of a metal whose possibilities and application have resulted from intensive science-
based effort.

The power stations in England and Wales are operated in five regions. Each region has its own
research and development department to deal with problems arising from operating the plant-and,
where appropriate, to undertake studies of national interest.

Problems presented by these metals are under study in eight C.E.G.B. research laboratories. Three
of  these,  the  Central  Electricity  Research  Laboratories  at  Leatherhead,  the  Berkeley  Nuclear
Laboratories at Berkeley and the Marchwood Engineering Laboratories at Marchwood, cover wide
fields of interest. A C.E.R.L. research is carried out into the problems arising from conventional
power plant development  and future possibilities such as magneto-hydrodynamics (M.H.D.).  At
B.N.L. research is being conducted into problems related to the operation of nuclear power plant
whilst at the Marchwood Engineering Laboratories research is being made into such subjects as
combustion techniques and corrosion-erosion behaviour.

To ensure balance of effort in these research programmes it is essential to keep in close touch with
industrial thinking in regard to design trends and future development. To meet this requirement the
Central  Electricity  Generating Board and its  major  plant  suppliers  have instituted collaborative
research  agreements:  two  of  these  deal  with  boiler  and  turbine  materials  respectively.  These
arrangements allow work of mutual interest to be pursued and it is to be hoped that as projects
develop there will be profitable interchange of ideas between all laboratories concerned.

Boiler Corrosion

In discussing current C.E.G.B. laboratory researches it is convenient to consider the two specific
problems of water-side corrosion of boiler tubes and erosion of turbine blading.

The spasmodic breakdown of the protective magnetic film in the water-side of mild-steel boiler
tubes has, for many years, been a cause of unplanned shutdown of a boiler. Instead of a protective
magnetic  layer,  a  “scab”  is  formed,  behind  which  lies  embrittled  and  thinned  metal  which
eventually fails.  This problem has been tackled technologically by improving the quality of the
feedwater, and scientifically by experiments of a physico-chemical nature associated with a small-
scale boiler.



More recently, attention has been given to the structure and growth of the magnetic layer using
microscopy and micro-probe analysis.  It  has been suggested1 that  this  involves  both anion and
cation migration unlike the situation in a gaseous atmosphere.

In laboratory experiments using small pressure vessels, irregular growth characteristics developed
beyond a scale  thickness of about 50A. In operating boiler  tubes  a similar thickness limitation
occurs but then the growth ceases. The oxide-metal interface is, in this case, irregular, whilst for a
corrosion-pitted boiler tube intergranular penetration of the metal by the oxide occurs.

One  possible  transport  mechanism2 for  iron  and  oxygen  through  the  magnetic  lattice  is  via
dislocations or grain boundaries. Using an electron microscope replica technique, the grain size of
the magnetite can be shown to be about 1,000A and there is no obvious relation between the grain
boundaries of the steel and those of the oxide. In a boiler the magnetic film has to withstand strains
arising from steady-state heat transfer and from thermal cycling, respectively functions of design
detail  and operating practice.  To clarify these situations an investigation is  now being made to
determine the mechanical properties of magnetite.

In  summary,  this  is  a  problem  where  the  iron  cations  and  oxygen-bearing  anions  are  being
transported through an oxide (magnetite) lattice. The stability of that lattice will be enhanced if the
oxygen content of the feed-water is held at a lower level but will be decreased if the iron can diffuse
more readily. Its rate of diffusion will owe something to diffusion through the metal and something
to ionic interaction with the liquid environment at the oxide-water interface. 

The mechanical strength of the magnetic lattice may also be relevant since it can be argued that
thermal  cycling  or  excessive  heat  flux  may  impose  intolerable  strain.  This  latter  argument  is
attractive in the face of the history of this problem with its characteristic of sudden appearance in a
previously unaffected boiler.



Turbine Blade Erosion

One of the development approaches to more economic power stations is to increase the size of the
generating unit. A consequence of this is that the low-pressure stage of the turbine has to accept
large volumes of steam and the peripheral speed of, e.g. a 36-in. Turbine blade is very high. This
has demanded fresh consideration of the erosion resistance of shielding and/or blade materials.

Experimentally, several approaches are being made. The South Eastern Regional Laboratories have
developed techniques for observing water drop conditions in an operating turbine. The Marchwood
Engineering Laboratories have employed a turbine erosion rig to study the effect of exposure time,
impact velocity and incidence on the erosion weight loss of mild steel, 12 per cent. chromium steel
and Stellite alloys. Critical velocities have been found, characteristic of each material, and this lends
support to the view that is is a surface fatigue phenomenon.

At C.E.R.L. a more fundamental approach has been to impact lithium fluoride crystals with a water
drop  to  reveal  the  resultant  dislocation  distribution  which  allows  calculation  of  the  stresses
involved. Fig. 1 shows pits lying along traces of the <100> and (110) planes: the drop diameter was
2:5 mm. and the impact velocity 8 ft./sec.

It may prove that the principal factor in this problem is understanding the effect and control of the
water droplet size, but obviously an appreciation of metal behaviour will help to lift the thinking
above that  of  an  “ad  boc”  solution.  The possibility  of  correlating  fatigue  strength  and erosion
resistance is currently being studied in various laboratories with particular reference to achieving
the fatigue properties by various fabrication routes. This work could have important consequences,
but it is too early to dogmatize about it.

Use of Electron Microscopy.

These two previous examples concern problems to which solutions would have a direct bearing on
the  functioning of  the  components.  A more  general  approach can  sometimes  show worthwhile



return when it is backed by experimental techniques still capable of further development. Electron
microscopy is in this category and. is being used in the Board’s laboratories over a wide range of
studies.

At  Berkeley  Nuclear  Laboratories,  magnesium-base  alloys  such  as  Magnox  (0-7  per  cent.
aluminium,  0-005 per  cent.  beryllium)  and ZA (0-6  per  cent.  zirconium) are  being  studied.  In
reactor technology much attention has been given to the formation of intergranular cavities. These
are important technologically since they provide leak paths in a fuel element can for the fission
gases and are also of interest in studying the underlying mechanisms. Examination of microtomed
and cathodically etched surfaces3 has revealed the cavities to be irregular in contrast to the spherical
shape obtained by chemical etching. Fig. 2 also shows the cavity to be surrounded by new grains
indicating a region of high strain.

The ZA alloy is being used for components in the fuel element assembly of one of the C.E.G.B.
nuclear stations. Since hydrogen absorption and the associated formation of ZrH could occur in
service in a CO2 cooled reactor, it was decided to study the ZrH precipitation characteristics using
thin film electron microscopy. Specimens were heated for 100 hr. at 600°C. in CO2 and subjected to
a 3-hr. cycle, including 10 min. at 600°C., in hydrogen. This work has demonstrated strain fields
associated with the hydride particles and suggests that precipitation during creep deformation may
lead to improved strength but decreased ductility.

Also at B.N.L. the effect of irradiation upon the sub-microstructure of uranium, is being studied in
relation to the growth of uranium. This growth does not produce a volume change, as occurs in the
isotropic swelling produced by fission products  but can be considered as a  physical process in
which each fission event transfers atoms from one crystallographic plane to another. It has been
suggested4 that  growth is  due  to  the  generation  of  dislocations  and that  condensation  of  point
defects is a possible mechanism.

By combining thin film electron microscopy with electron diffraction, it is possible to determine the
crystallographic  planes  on  which  dislocation  loops  lie.  Current  theory  predicts  that  some
dislocations form from vacancies and others from interstitials: the above technique is being used by
Dr. Edmundson at Berkeley Nuclear Laboratories to establish this point.

It is now well established that austentic steels containing strong carbide formers are particularly
susceptible to high temperature cracking under restraint conditions or, more generally, when strain
is  concentrated  due  to  fabrication  techniques  like  bending  or  welding.  In  steels  of  this  type
containing  niobium,  preferential  precipitation  of  NbC occurs  at  dislocations  whilst  low stress-
rupture ductility is associated with a fine dispersion of NbC. The thermal expansion of this carbide
is about half that of austenite so that during cooling dislocations form round the particles, nucleating
precipitation upon subsequent ageing. The NbC cell is about 20 per cent. larger than the austenitic
matrix and forms in parallel orientation.

Features  such  as  these  have  been  borne  in  mind  during  recent  structural  studies5 at  C.E.R.L.,
employing thin film electron microscopy, specimens originally being in the form of 0-020 in sheet
quenched from 1,300°C. Studies were made of specimens aged at various temperatures in the range
650°- 950°C. At 700°C. the dislocations became decorated. Small areas of stacking faults attached
to the stringers by the dislocations are shown in Fig. 3. 

These stacking faults derive from “precipitate growth” dislocations and contain thin NbC platelets.
After 20 hr. ageing these stacking fault areas spread out. The role of stacking faults in blocking
dislocation movement is shown in Fig. 4.



These results suggest a two-stage ageing process at 700°C.: the initial rapid hardening is due to an
increase in the extent of stacking faults and the second, slower hardening is due to particle growth
in the stacking fault without much change in the stacking fault area.

Deforming specimens prior to ageing accelerated these processes and produced greater numbers of
dislocations. A specimen strained at 0°05 per cent. per hr. for 100 hrs. at 600°C. showed particles
within  the  stacking faults  easily  resolvable  and about  50 -  100A wide.  When a  specimen was
deformed  at  room  temperature  after  previous  ageing  loop  formation  was  observed  round  the
stringers.

This research has considered structural changes in the solid state for fairly simple conditions of
heat-treatment  ageing.  But,  in  common  with  the  researches  on  magnesium and  uranium,  it  is
seeking to  build  up a  store  of  knowledge which  can  -  as  required  -  be  applied  to  the  design,
construction and operational stages of power plant.



Material Selection.

The general principle of selection adopted for metals in power plant and the practical problems
which arise must also be considered.

An over-riding  feature  is  the  fact  that  components  must  be expected  to  have  a  service  life  of
between 100,000 and 150,000 hrs. and, in the case of nuclear plant, be capable of doing so without
further inspection.

In the past it is fair to say that the safety margins adopted by design engineers were sufficiently
conservative to allow development to proceed without uncovering all the factors contributing to
safe operation.  Our more recent experiences would suggest, however, that complete reliance on
simply determined mechanical properties, short-term laboratory assessment of corrosion. resistance
and attention to weldability at a late stage of alloy development can no longer be supported.

Perhaps this point can best be made by considering why plant components have exhibited cracking
in service. This does not mean. that these items have had to be scrapped since in most cases repairs
can be made economically. Equally the proportion of such failures to the large amount of plant in
operation is small.

A majority of these difficulties stem from the inability of the metal to withstand strain, much of it
plastic and therefore irreversible, accumulated during service. Where failures occur after very short
service one might deduce either inadequate design or inadequate fabrication.  Where cracking is
experienced after appreciable periods of service it is likely that one has encountered a situation in
which in modern power plant the mechanical properties of the metal have been modified in some
unexpected way. Fig. 5 shows the type of temperature and pressure cycle to which modern power
plant may be subjected.

From  what
has been said earlier one would expect these transient conditions to exert appreciable effects upon
metallurgical structure and properties. This has been confirmed in appropriately designed laboratory
tests on several austenitic steels where the creep deformation characteristics are quite different from
those indicated by constant load-temperature tests °.



Irradiating Austenitic Steels

In current reactor technology the effect of irradiation upon the mechanical properties of austenitic
steels is of interest.

Tensile tests have been made on 0:020-in. strip specimens, previously irradiated in the temperature
range 450°-750°C. Followed by testing in the 500°-850°C. range.  Most of the results available
relate to fairly short irradiation times of about 1,300 hrs. For irradiation at  temperatures below
350°C.  one gets the classical  type of  irradiation damage,  namely atom displacement  producing
vacancies and interstitials. The reduction in ductility is fairly slight but this information refers to
room temperature tensile testing.

Irradiation in the range 450°-750°C. followed by tensile testing at room temperature has very little
effect upon the mechanical properties but testing at temperatures in the range 500°-850°C. produces
a reduction in ductility compared with a similarly treated unirradiated specimen. The main effect is
to reduce the localized elongation leaving the uniform elongation only slightly reduced.

This feature has been observed for a variety of austenitic steels examined and is perhaps associated
with nucleation and morphology of the chromium-rich carbides precipitated at these temperatures.
It is tempting to see an analogy with the welding problems posed by these steels.

Away from the main items of plant one continuing problem with a metallurgical interest is the
endeavour  to  improve the  quality  of  transformer  steel  sheet.  There  are  two objectives  here,  to
reduce energy loss and minimize noise in the transformer. A recent research at C.E.R.L. has shown
that magnetostrictive strains depend markedly on grain orientation, well-orientated material having
low  magnetostriction.  This  is  the  kind  of  problem  where  it  will  be  essential  to  know  the
manufacturing process history if complete success is to be achieved.

Large-scale Experiments

The preceding sections have dealt with laboratory-scale experiments: these make up the majority of
our research effort into metals since larger-scale experimentation demands very close integration
with design thinking and manufacturing procedure.  However,  we, as operators of the plant,  are
often in a better position to make some of these larger-scale experiments and in this respect our
Midland Regional Research Department is devoting much of its effort to examining the probable
performance of high-temperature materials during service.

Rigs are in existence there for the assessment of austenitic steel super-heater headers, various types
of austenitic-ferritic transition joints and for the measurement of the corrosion resistance of steels in
the temperature range 566°-621°C.  A future project  will  explore the behaviour  of  various high
temperature bolt steels, the cracking of which has been a recent embarrassment.

Similarly, the North Western Regional Research Department is developing research programmes to
examine the effect of new welding processes and techniques upon material properties. Welding, as a
process and as a metallurgical study, provides one of the greatest challenges. The economic return
to manufacturers of a good welding technique is considerable, but technical considerations can get
over-looked  in  pressing  the  advantages  of  new  and  speedier  processes.  Since  there  are  many
thousands  of  pressure  welds  in  a  modern  boiler  one  can  sympathize  with  the  manufacturer’s
production problem: operational experience shows, however, that weld regions are too often the
source of trouble and expensive plant maintenance.



If  the  development  of  conventional  power  is  to  continue  in  the  historic  manner  by  increasing
temperatures  and  pressures,  the  requirements  of  well-established  creep  and  rupture  properties,
appreciation of weldability and understanding of long-term corrosion behaviour will remain. These
approaches will have to be backed by much closer monitoring of operating power plant to check the
validity of present design concepts.

If, on the other hand, it remains more economic to keep to present pressure and temperature levels
and build even larger boilers and turbines there will be additional problems stemming from the size
of components and the particular dangers will be of unwarranted extrapolation from present design
philosophies. In consequence one can foresee the need for more experimental stress analysis and,
metallurgically,  an  attempt  being  made to  correlate  the  effects  of  working in  the  elasto-plastic
region upon the structure and properties of metals.



ISOTOPES.

F. W. Aston, M.A., D.Sc., F.R.S.

(Abridged report of a lecture in 1928 to the Staffordshire Iron and Steel Institute, Birmingham
Metallurgical Society, and Local Section of the Institute of Metals.)

Everything in the Universe is composed of atoms, and these are the smallest particles of matter. The
Greeks used to argue as to whether, if any piece of matter were cut up into smaller and smaller
fragments, a stage would ever be reached where further cutting was impossible. Modern science has
made this division, not practically of course, but theoretically right down to the atom.

If a one decimetre cube of lead is taken, and cut through twice at right angles, midway between the
faces, the first section is obtained, which is one-eighth the volume of the original cube. If this in
turn is cut, and each cube obtained is again cut, and this procedure continued down to the fifteenth
cube the latter will have the proportions shown in Fig. 1, where the eleventh to fifteenth cubes are
shown in comparison with some common objects. It will long have passed the capability of the
chemical balance to weigh it. If the experiment is proceeded with further however, the twenty-first
cube can be reached with the proportions shown in Fig. 2, yet it is necessary to proceed down to the
28th cube before the atom of lead is finally reached.

The chemical balance fails at the ninth cube, and spectrum analysis at the fifteenth, but the definite
knowledge of atoms below this point has been obtained by Professor Bragg and others on crystal
analysis by Xrays. It is difficult to give any idea of the numbers of atoms as they are so immense,
but perhaps the most impressive is that there are 2,000 times more molecules in a tumbler of water
than there are tumblers of water in the whole earth.



Though it  would seem impossible  to  experiment  with single atoms,  modern physics can do so
because it can obtain atoms moving with enormous velocities. It is impossible to detect the weight
of a single atom, but if given sufficient velocity it will have enough energy to affect a photographic
plate which makes it possible to compare the weights of individual atoms.

Dalton, a hundred years ago, said: “Atoms of the same element are similar in properties and equal
in weight.” Shortly afterwards Trout thought that the atoms of all elements were made from the
Hydrogen atom. If both were right it would follow that the atoms of all elements were made from
the same bricks, as it were, so that their atomic weights would be comparable with each other as
whole numbers. It was, however, proved that though many elements were whole numbers, many
were hopelessly fractional. Chemists therefore decided to adopt Dalton’s theory which, because it
was the simpler was the better thing to do, as a simple theory suggests experiment. Dalton’s theory
cannot be tested by chemistry because a vast number of atoms are involved, and only a mean weight
is obtained.

Professor Soddy was the first to attack the subject by means of radio-activity, and he showed that
lead  produced  from thorium minerals  had  a  different  atomic  weight  from lead  produced  from
uranium minerals. This information could unfortunately only be applied to lead, as this is the only
ordinary element produced by radio-active disintegration. But the result can be obtained by the
measurement of the masses of the individual atoms, and in order to weigh them they must be given
a charge of electricity.

This is done by an electric discharge through gas at a low pressure when the atoms are broken up or
ionised. The negatively charged particles fly away from the cathode, and are the atoms or electrons
of negative electricity,  and are the same whatever the element being used.  There are,  however,
positive rays which are the atoms which have had one or more electrons knocked off them, and



remain with a positive charge, and these will be the atoms of gas in the tube. Owing to the high field
in front of the cathode they shoot right through it, if a hole is provided, and cause a glow in the gas.
Sir J. J. Thomson elaborated this by deflecting the rays by means of electric and magnetic fields.
Different weights were obtained for atoms travelling at a great velocity by sorting them out, it being
obvious  that  the  heavier  atom would  be  deflected  more  than  a  light  one.  The deflected  atoms
formed parabolic streaks on the sensitive plate provided, and the fact that particles of Hydrogen
formed similar streaks showed that all the atoms of Hydrogen are of the same weight. The atomic
weights are measured by the position on the sensitive plate of the streaks. When the gas Neon was
analysed, however, a second parabola was obtained, and it was obvious that two forms of atoms
were there of weights 20 and 22. All possible explanations failed, so it was thought possible that the
idea of elements containing atoms of different masses but of exactly the same chemical properties
might be represented in Neon. Soddy had put the idea forward in relation to radio-active elements,
but it now seemed that it referred also to ordinary elements. Those elements have since been termed
Isotopes, and it was thought that the two parabolas were caused by Isotopes which, mixed together,
formed the gas Neon.

The Author  thereupon undertook to separate  these hypothetical  constituents of  Neon. By using
fractional distillation methods and repeating them 2,000 times, the density of Neon as obtained by
Watson was proved, but no separation had taken place. Diffusing the gas through pipeclay was next
attempted. By this means a difference of diffusion between the lighter and heavier particles can be
obtained. This was a laborious business, but after a large number of fractionations a difference in
density of .7% was obtained, enough to show that the explanation of the isotopes might be the
correct one.

After the War, the Author again turned to positive ray analysis, and by means of an instrument
specially devised, termed the mass-spectrograph measurements of mass of an accuracy up to 1 in
1,000 can be obtained. It was at once proved that to within about one part in 1,000 the atomic
weights of the isotopes composing Neon are 20 and 22. After this many elements were analysed,
and many were proved to be mixtures of isotopes, including iron which is now known to contain
atoms of masses of 56 and 54 roughly in proportion of 20 to 1, which agrees exactly with its atomic
weight,  supposing the atom of mass 56 is not exactly the whole number.  Altogether 50 known
elements have been resolved into isotopes, and it is interesting to note that the elements become
more complex as they become heavier. Tin has eleven isotopes. The following table gives some of
the more interesting cases.

By far the most important result of these measurements is that with the exception of Hydrogen the
weights  of  the  atoms of  those  elements  which  have  been measured  are  whole  numbers  to  the
accuracy of about 1 in 1,000. This very much simplifies our ideas of mass, and Trout’s hypothesis
which he enunciated in 1815, that all atoms were built of a hypothetical element which he termed
protyle, is now established, with the correction that the basis atoms are of two kinds, protons and
electrons, the atoms of positive and negative electricity respectively. The discovery of isotopes is
also of great importance in enabling apparent discrepancies in the periodic table of elements to be
explained.

As a result of Professor Rutherford’s research upon the subject, the atom is now supposed to be a
kind of single central heavy nucleus called the proton, and this contains all the positive electricity of
the atom, together with about half the negative electricity. This forms, as it were, a sun outside
which are the remaining electrons, rotating at comparatively enormous distances.



A picturesque  idea  of  the  scale  may  be  obtained  from the  following:  If  an  atom were  to  be
magnified to the size of the dome of St. Paul’s Cathedral, some difficulty would be found in seeing
the electrons which would be about the size of pinheads, while the protons would be as invisible
dust particles, so far as the unaided eye is concerned. 



This description off the atom can be used to explain the phenomenon of isotopes without difficulty.
Fig.  3(1)  is  supposed to  represent  the atom of an element  whose nucleus  has 6 protons and 8
electrons, so that it will have a positive charge of three (called the Moseley number) and round the
nucleus will circulate three electrons, two of them tightly bound to the atom, and one, termed the
valency electron, loosely bound. This will have certain chemical properties which are associated
with Lithium. If, however, a proton and an electron be added to the nucleus the arrangement will be
altered to Fig. 3(2), but the Moseley number will still be 3, and the number of outside electrons will
not be altered. Also, their movements, which are governed by the charge in the nucleus and not by
its mass, will not have been altered. In other words, the chemical properties of Fig. 3(2) will be
identical with Fig. 3(1). Thus, we have the isotopes of Lithium, 6 and 7.

The protons are the heavy portions of the atom and determine the atomic weight, so that if there are
6 protons, the atomic weight is 6, if 7 protons, the atomic weight is 7, and so on. On the other hand,
the chemical properties depend upon the charge on the nucleus. If, however, the arrangement is
altered similar to Fig. 3(3), the valency of the atom alters, but the weight remains as before. This is
termed an isobare. Isotopes are therefore those which have a different weight, but with the same
chemical properties, and isobares have the same weight but different chemical properties.

One element deserves special mention, and that is Hydrogen. Its weight is not a whole number, but
is equal to the chemical atomic weight, namely 1.008. It has no isotopes, yet unlike other simple
elements, it is considerably off the whole number rule. This is due to variations in the packing of the
protons and electrons in the nucleus. The nucleus of Hydrogen is a single proton, so there is no
packing but maximum weight. But in the next element on the scale, Helium, there are 4 protons and
2 electrons in the nucleus and 2 protons outside. The charges in the nucleus are packed very tightly,
and it can be shown that if charges of this kind are packed sufficiently tightly there must be a loss of
mass. Therefore, the atom of Helium weighs less than 4 times the atom of Hydrogen. This is the
basis of atomic energy, for if mass is destroyed in transforming Hydrogen into Helium it can only
be  dissipated  as  energy.  Einstein  has  shown  that  if  appreciable  mass  is  destroyed  the  energy
liberated would be immense.

If the Hydrogen in a tumbler of water could be transformed into Helium, and the energy liberated
could be controlled, all the Hydrogen on the earth might simultaneously turn into Helium and the
remarkable success of this experiment would be advertised in space in the form of a very fine new
star. It is not yet known if the energy can be liberated, nor is it known whether the energy can be
controlled if liberated.



SPECTROGRAPHIC ANALYSIS
by 

E. H. van Someren, B.Sc.

(Lecture given before the Co-ordinated Societies on 2ndMarch, 1933, at the University, Edmund
Street, Birmingha, Mr. W. E. Ballard being in the chair, and some 50 persons present.)

The scope of this lecture is not to cover the whole field of spectrum analysis, which can be sub-
divided into analysis by emission spectra and analysis by absorption spectra, but to deal only with
emission spectra. These two are inseparably associated in solar and stellar analysis, but on earth
they can easily be dealt with separately, and as absorption spectra is quite a special branch of the
subject about which a good many lectures could be given, I will leave it out altogether to-night.

The first idea most of us get of spectra is based on the rainbow, which we are told is an analysis of
the sun’s light by drops of rain. It is one of the most difficult things in the world to explain, as most
parents know, and I am not going to attempt the task to-night. In the latter half of the seventeenth
century, Newton, the pioneer of the science of optics, was the first to split up the light of the sun
with a prism and produce a spectrum. He used a ray of light entering a room through a round
aperture, and therefore did not get a very pure spectrum; that is, the colours overlapped slightly and
lacked -brilliance, Nearly one hundred and fifty years later (in 1814) Wollaston discovered the value
of a slit  instead of a hole to give a light-ray for spectrum analysis,  and the application of that
discovery to the sun led to the discovery by Fraunhofer, a German investigator, of dark lines in the
solar  spectrum  which  were  quite  constant  in  their  disposition.  These  lines  were  mapped  but
remained mysterious for many years.

Our next approach to spectrum analysis is by the tram system. When the overhead trolley comes off
the wire,  we see fine green sparks because the trolley wire and roller  are of copper,  but when
workmen are  welding the  rails  with  an electric  arc,  we get  a  bluish white  light  from the iron
electrodes, quite unlike the light from the trolley wire.

It is interesting to note that similar observations made by Wheatstone about a century ago led to the
discovery of spectrum analysis. Wheatstone was studying electricity and wished to prove that the
current obtained from an electro-magnetic machine was similar to that obtained from a voltaic pile,
or battery as we should call it. It occurred to him to split up the light of the spark obtainable from
each by means of a prism and examine it in that way. When he did so, he discovered that the two
sorts of electric light were indeed similar, but only if they passed between wires of the same sort of
material. Making an arc from the surface of mercury, a favourite way of getting very bright sparks
in  those  days,  gave  him quite  a  different  light  from that  obtained  between  two copper  wires.
Wheatstone investigated this phenomenon with light from various metals, e.g., zinc, cadmium, lead,
tin, bismuth and mercury, both solid and liquid. Passing the light from the spark through a prism
and viewing it through a telescope with a scale in the eyepiece, he charted the position of the lines
produced by different metals, and in an address to the British Association in 1835, he published the
first maps of spectra.

Wheatstone said that the lines shown in these spectrum maps, published a hundred years ago, might
someday offer a method of recognising various metals, and he marked them “B” for broad lines,
“F” for fine lines, “VF” for very fine lines, and so on. In those days the measurement of wavelength
was unknown.

Wheatstone was primarily interested in electricity and not in optics; he proved the identity of the
two sorts of electrical energy and did not pursue the matter of spectra at all. He did not clearly state



that the lines found were invariable characteristics of the metals used, nor did he correlate them
with Fraunhofer’s lines.

During the next twenty years, Talbot and others came very near- discovering the nature of spectra
and provided a lot  of puzzling observations for later  workers,  The absence of pure substances,
which has been one of the chief difficulties of spectrum analysis right up to the present day, was
particularly acute then. The yellow light which we know to be due to sodium was obtained from a
variety of substances which one could not suspect of containing sodium, such as oil, and sulphur, so
that investigators were put off the track.

Between 1850 and 1870 two professors, Bunsen and Kirchoff, working separately at first and later
together, made a number of remarkably convincing experiments and established that radiations of
certain  wave-length  were  definitely  characteristic  of  certain  elements,  and  were  inseparably
associated with those elements. These radiations could be obtained from the element in a flame in
some cases, and in an electric arc or spark in the case of any substance that could be put into an arc.

This painstaking work first put spectrum analysis on a firm footing by identifying certain lines with
certain elements. These investigators were fortunate in working with mixtures of minerals which
contained elements that had not yet been discovered. Within a few years they discovered two new
elements. First they noticed strange lines in the spectrum, and they separated these metals from the
mineral waters in which they were found, and developed chemical methods of separation. They had
to use 44 tons of spring water to get 200 grains of the sample for analysis, and it was really a fine
piece of work to trace these new elements with certainty. Lithium, caesium and rubidium were
discovered by Bunsen by means of.  This  method of combined spectrum analysis  and chemical
separation. Indium and gallium were discovered in zinc and its ores; thallium was discovered by
Crookes, and the method proved so valuable that by 1874 Lecoq de Boisbaudran opened his book
of  descriptions  of  spectra  with  the  remark:  “Le  spectroscope  est  maintenant  l’auxiliaire
indispensable de tous les chimistes.” This book of spectra contained charts of all the elements which
had been investigated and was illustrated by copper plate engravings by accurate artists, which
reproduced more perfectly  than any photographic or  printing process now in common use,  the
appearance of the bands and lines of the spectrum as viewed by the eye.

In the same period the identification was made of sodium lines, luminous in a flame, with the dark
lines known as “D” in the solar spectrum, and it was found that the dark lines were shadows due to
absorption in the sun’s outer layers by sodium in the sun; and soon cobalt, nickel, hydrogen and
many other elements were found in the sun. This gave a great spur to spectrum analysis, and it was
eventually found that the light from the edge of the sun could be isolated, first by an eclipse, then
artificially, and that it  gave spectra with bright lines. The distribution of metals in the sun was
explored, and the analysis of stars and even of comets followed; the subject grew rapidly to be the
most remarkable tool in the exploration of the universe which the astronomer and physicist hold,
until it has become the most accurate method we have of identifying the age of the outlying parts of
the universe.

But it was about 1880 that two other inventions appeared to further the development of spectrum
analysis.  One  was  photography,  and  the  other  was  the  use  of  quartz  for  optical  work.  It  was
observed that the spectrum could be photographed beyond its visible portions; collodion plates were
very sensitive to ultra-violet light. By using a quartz prism, the spectrum could be observed by the
effect of the ultra-violet light on a fluorescent material. Professor Roscoe noticed that the light of
burning magnesium was very rich in ultra-violet and suggested the use of magnesium as a source of
light for photography. It was due to the work of Professors Roscoe and Faraday that magnesium
was  first  prepared  as  wire  by  a  manufacturer  in  Manchester,  and  Professor  Faraday  was



photographed by the light of magnesium wire, this being the first time it had been used for the
purpose.

The chief consequence of the development of photography in conjunction with spectrum analysis is
that the analytical procedure produces a very definite result which can be examined at any time after
the analysis. It is still possible, sometimes, to get fresh information from photographs of spectra
taken years ago. Such photographs give very definite documentary evidence of the analysis.

Quantitative Methods.

As a result of the use of the camera in conjunction with the spectrum, quantitative work became
possible. It was practically impossible to do much in the way of quantitative spectrum analysis with
a spectrum which you had to watch, and which changed while you were looking at it. The reliance
which had to be placed on memory made such work almost impossible as only rough estimates
could be made, but when a definite pattern of lines could be obtained, forming a permanent record,
spectrographic analysis was put on a documentary basis and it is now possible to get a spectrograph
on which two or more can be compared simultaneously.

As an example of the methods used before the application ol photography; the lower limit for the
detection of sodium in a flame was estimated by volatilising a known weight of sodium in a room,
while a sodium-free flame was watched through a spectroscope. When the sodium-laden dust had
diffused through the room, which was of known volume, the flame was observed to be yellow, and
from the volume of air passing through the burner it was possible to state how little sodium could be
detected.

In the use of the spectrograph, one of the first things observed was that it was very sensitive to the
presence of certain metals, and particularly the alkali metals and calcium, zinc, magnesium, copper
and aluminium. In the spectra of mixtures only certain lines of the minor constituents still appeared,
and  these  were  the  lines  which  were  strongest  in  the  spectrum  of  the  pure  element  under
consideration.  Hartley in 1884 published tables of the lines last  to disappear and of the lowest
concentrations of some elements which could be detected, and the matter was pursued by the Count
de Gramont, who tabulated the most persistent lines of some fifty elements. These investigations
took a great deal of time because there was often difficulty in identifying the spectra. De Gramont
attempted quantitative analysis by comparing the spectra of samples with those of known mixtures
or alloys and interpolating where necessary. He was followed in this country by Hartley, and by
Pollok and Leonard, who published tables indicating at what percentage concentration each of the
more persistent lines of each element appeared.

Another method used was to compare the spectra of mixtures to be analysed with the spectra of
synthetic  mixtures,  and the next  step was a synthetic  mixture of  metallic  salts  which could be
dissolved and treated as a solution. A development was the sparking of solutions by passing a spark
between two gold wires, one of which dipped in the solution, and this proved to be the finest way of
getting uniform spectra. Efforts were also made to spark liquids with graphite electrodes. These
quantitative methods had an accuracy of about + or - 50%, sufficient when looking for very small
quantities of substances, but where 0.1 or 0.2%, of a substance was present, it was not considered
good enough.

The  chief  difficulty  which  arose  in  applying  earlier  results  was  that  the  work  done  by  one
experimenter could not easily be reproduced by another unless he had exactly similar photographic
plates, and variations in the electrical conditions of the spark or arc were particularly difficult to
neutralise. In the far ultra-violet, the variation in sensitivity of plates with wave-length is so great



that  workers  using  different  plates  may  actually  describe  different  lines  as  being  the  most
persistentfor the same element.

The next important advance in quantitative work was developed in Germany by Gerlach and lies in
the comparison of relative intensity between lines of the main constituent of a mixture with lines of
the impurity in one of the same spectrum. This is known as the internal standard method. If the lines
are reasonably close together, their relative intensity will be the same whatever photographic plate
is used, and if these lines are carefully chosen after experiments under varying conditions, their
relative intensity  will  not  be altered if  the spectra  of the same sample are  photographed under
slightly different conditions. The possibility of this method depends on finding
the lines which are not subject to variation. 

One of the chief difficulties of spectrum analysis is that spectra are difficult to reproduce with any
degree of precision: electrical conditions are difficult to control, and samples are difficult to prepare
uniformly. The selection of line pairs for this work must be considered separately for each pair of
metals which may occur as main constituent and minor constituent in alloys. It is a long and tedious
task,  and valuable  work is  being  published in  Germany on the  subject.  Tables  have  also  been
worked out by Mr. D. M. Smith for various impurities in lead and tin, and by H. W. Brownsdon and
E. van Someren for brass. As long as the comparison is made by visual inspection of the lines, they
must be selected so that they are grey with a reasonable exposure of the spectrograph, and therefore
only  the  fainter  lines  of  a  metal  are  suitable  for  comparison  with  impurity  lines.  Frequently
difficulty is found in comparing lines because one is a sharp image of the slit while the other is
diffuse in outline. In such a case it is profitable to widen the slit and compare two narrow bands of
grey instead of  two sharp lines.  The width of slit  is  limited by the degree of  crowding in the
spectrum under  consideration.  For  nickel  and iron  alloys  this  is  rarely  of  any use.  By careful
selection of lines, it is possible to choose lines which keep the same relative intensity through slight
variations in the electrical conditions. Certain lines of the impurities change with the lead lines. One
of the most useful lead lines is one which, although it varies in various spectra, varies in the same
way as the impurity lines. It is only after long and careful work in photographing spectra under
various conditions that one knows which lines to choose for quantitative work. It is possible to
estimate antimony and lead from 0.5% up’ to 15%. The accuracy attainable by relative intensity
measurements is of the order of 20% at best; while it may be possible to distinguish between 0.5
and 0.55% of copper in solder, it is equally possible to distinguish between 45 and 50% of tin, or
between 0,0045 and 0.005% of bismuth. In the lower ranges, this accuracy compares favourably
with that obtained by the average works chemist, but in the higher ranges it is only of use as a guide
as to what the chemist should look for.

Some spectra, such as those of nickel, show so many lines that the task of selecting one sufficiently
isolated and identifiable for comparison work is difficult; whilst others such as zinc and aluminium
have so few lines that the selection of suitable comparison lines may be impossible. Zinc is the most
common metal in which this difficulty is found. In the arc spectrum of electrolytic zinc, no zinc line
is comparable with any impurity line; in the spark spectrum about four faint zinc lines appear which
might be used for comparison if they were not so diffuse. To meet cases such as these, Gerlach and
Schweitzer and other German workers have used auxiliary spectra. The spectrum of some other
element, such as tin, is photographed on the same plate with the zinc spectrum, with such exposure
that some definite pair of tin and zinc lines is equal in intensity. Then other faint tin lines can be
used as intensity  standards  for the impurities in  the zinc.  Copper  has  been used to  provide an
auxiliary spectrum for aluminium, by Schleicher and Clermont. They photographed a copper spark
spectrum beside the aluminium one, with one quarter the exposure. Unfortunately, conditions are
not sufficiently controllable for the necessary correlation between the two spectra to be obtained
each time, and time may be wasted in repeating exposures.



A variant of this method which I have developed for the routine examination of a certain set of zinc
alloys is to spark each sample with a piece of standard zinc alloy containing antimony. A sample of
best electrolytic zinc was alloyed with about 1.5% of antimony and rolled into a strip which on
examination proved reasonably uniform in composition. The spectrum of the spark between one
electrode of this  alloy and one electrode of  the zinc alloy under examination has a  number of
antimony lines conveniently situated for comparison with lines of lead, cadmium, and copper in the
zinc. There is no overlapping of antimony lines with any impurity line, and if care is taken always
to use a clean piece of the antimony alloy no impurities are introduced in this way. The antimony
alloy contains about 0.004% of iron, and the alloys examined contain about 0.01% of iron, yet no
difficulty is found in detecting marked deviations from normal in the composition of the alloy.

Using different  pairs  of  comparison  lines,  the  same method  is  applicable  to  the  estimation  of
impurities in crude and debased spelters: antimony is so unlikely to occur in these, that the risk of
missing it, if present, may well be taken.

The  time  saved  in  sampling  by  using  one  piece  of  alloy  for  testing  instead  of  two  is  also  a
consideration in routine work as opposed to pure research, and although this is not normally safe for
spark spectra, it is quite generally applicable to arc spectra, after preliminary tests have been made
to show whether any impurities will be missed. All our tests on copper alloys made with the arc are
made with one piece of sample arced with a H.C. copper rod, but electrolytic copper itself is better
tested by an arc between two rods of the same sample.

An alternative method for spark work when only one piece of the sample is available, is to spark
with a gold wire. The low vapour pressure of the gold and its purity result in a spectrum not very
different from that of the sample itself, except for the gold lines which can easily be recognised. In
this way, Lightning fastener units can be analysed without even taking them off the tape on which
they are mounted.

Spectra are usually examined under a low-power travelling microscope. It is not possible to make a
comparison between two lines very correctly unless the lines are approximately equal in intensity. It
was found that  in order to  compare lines which were not approximately equal in intensity,  the
simplest method was to vary the exposure given to the line, and that by varying the exposure along
the slit the resulting line on the photographic plate would vary in length. For the visual range this is
usually done by a wedge, but it is difficult to make a satisfactory absorbent for the ultra-violet, and
it would have to be calibrated at each wavelength, so the best method is to use
a rotating disc in front of the slit whose profile is a logarithmic curve. If this is done, the resultant
spectrum lines taper and gradually disappear, and by using a suitable curve for the profile of the
wedge the length of the line can be made proportional to the light of that wave-length emitted by the
spark,  within  certain  limits,  set  by  the  range  of  exposures  for  which  the  characteristic  of  the
photographic  plate  is  a  uniform  slope.  This  method  is  used  in  conjunction  with  the  internal
standards method to obviate variations due to plate variability and allows the comparison of lines
which are not approximately equal. The difference in length of the lines is a measure of the ratio of
their intensities. Care must be taken to expose the plate so that neither of the lines is near the limit
of under-exposure or of complete blackness.

The difference in length between the lines on the photographic plate will be proportional to their
relative  intensities,  and  this  will  bear  a  definite  relationship  to  the  impurities  present.  Some
observers can obtain an accuracy which corresponds to a 10% possible error in intensity. This is
only obtainable by making a number of observations and taking the mean of the more probable
ones, as isolated observations on a difficult line may be wide of the mark. When a grey line is
gradually getting less definite, it is very difficult to say where it ends, and the trouble about this
method is that it is almost impossible for the beginner to define the end of a line. The readings may



be simplified slightly by breaking up the lines into dots, by means of a grid in front of the slit. I
have used a blackened wire gauze, after selecting a regularly spaced area, and it is usually possible
to decide whether or not a dot is present.

A further refinement in the comparison of line intensities is the measurement of the densities of the
lines  with  a  microphotometer.  Two beams  of  light  from the  same source  are  obtained;  one  is
condensed by a microscope objective and passed through part of the spectrum plate; the other is
passed through a wedge to reduce its intensity to the same extent and the two are balanced, and the
wedge reading then measures the density of the portion of the plate. Again, the light passing through
the plate may be made to fall on a photo-electric cell and produce a current in a galvanometer,
which may record directly on a paper on a drum driven by the same gear train as that which moves
the plate. Various types of photometer have been applied, from an improvised one costing ten or
twenty pounds to an automatic recording one costing £500 or so.

With one of these instruments the relative intensity of two lines, or the absolute intensity of a line,
can be measured to  an accuracy of 2%. Where the samples of material  are so uniform and so
homogeneous that perfectly uniform spectra can be obtained from a series of samples, or from a
series of exposures on the same sample, this method is justified by results, but in ordinary industrial
practice such uniformity cannot be obtained. An interesting example may be quoted from the work
of Iwamura, in Kyoto. This investigator was testing the purity of zinc oxide, which he caked with
hydrochloric acid into tablets, and sparked the baked tablets. He found his spectra reproducible to
5%, and he used on them a photometer with an accuracy of 1% and plotted the density of selected
lead lines against the percentage of lead in his zinc, using synthetic standards which could easily be
made with powdered oxides. By remarkably good luck his curves were straight lines, and he even
deduced the purity of his original material by extrapolating his curves backwards. He investigated
zinc with lead 0.0006 to 0.003% and zinc with cadmium .0001 to 0.4%. He applied similar methods
to copper in lead at about 0.003 to 0.16%.

For some spectrum lines the intensity of the line may be proportional to the concentration of the
element in the light-source over a considerable range, for other lines over a very short range only,
and usually the most sensitive of the lines of an element are not suitable for intensity comparisons
except at the most minute concentrations. With larger concentrations more lines appear, and usually
one or other of them will be available for quantitative estimation at any concentration, provided that
the lines are conveniently placed relative to the lines of the main constituent. There happen to be
three antimony lines of different intensity all near one of the sharp faint lines in the lead spectrum,
and these render the estimation of antimony in lead fairly accurate over the range of 1 to 10%.

The photo-electric method is very troublesome to apply and occupies considerable time. It is not
much used except by research workers.

The various applications of spectrum analysis are best classified according to the sort of light that is
used to produce the spectrum. The first is a flame. Many clever devices have been made to get the
samples which have to be analysed into the flame uniformly. One worker made solutions of the
minerals which he was investigating and sprayed the mixture into the air which fed a flame of the
Bunsen type, so that the air supplied lo the burner was fed with a solution containing the mixture lo
be analysed. The flame was kept perfectly steady, so that the spectroscope could be applied to it and
a fairly long exposure given to the spectrograph. The photo-electric cell method referred to above,
and which was developed by a Swedish worker is so easily upset by electrical disturbances that it is
not suitable for use with a spark that radiates wireless waves of a long wave- length. Flame spectra
are only useful for about 40 of the elements, but these include most of the elements in common use,
and by the flame spectra about 15 elements were found to be widely distributed in animal residues
and in plants. So many animals and insects are vegetarians, that the same elements are bound to



recur.  Rubidium  and  lithium  were  found  lo  turn  up  with  remarkable  frequency.  Insects  were
incinerated  and  the  ash  examined,  but  when  they  came  to  worms,  they  found  these  were
contaminated with mineral matter and they had to feed the worms on filter paper to remove the
earth with which they were associated.

Flames have also been used as a source of spectra in the control of the Bessemer process. In this
process of refining steel, the flame shows certain characteristic changes in the spectrum just before
the air blast should be taken off, and although some workers are able to detect the change visually
this can now be detected by watching the flame through the spectroscope.

Another  application  is  to  the  internal  combustion  engine.  American  workers  on  the  cause  of
“knocking” in internal combustion engines had the brilliant idea of introducing a small window to
photograph the light in the engine and take its spectrum. The spectrum varied in characteristic ways
according to whether the engine was running normally or whether it was knocking, and although the
results could not be interpreted fully at the time, since then the further researches on the emission
spectra  of  gases  have  led  to  the  explanation  of  the  phenomenon  of  knocking,  based  on  the
spectrographic results.

If an electric arc is used, electrical energy can be dissipated in the metallic vapour. The spectrum is
not absolutely constant but depends on the energy available to excite the spectrum. Some of the
lines  are  too  fine  to  be  visible  or  to  register  on  a  photographic  plate.  By  using  the  arc,  the
sensitiveness is greatly increased. The arc between carbon electrodes has been used a great deal.
Various samples were compressed into pellets and put in the crater in the carbon arc. The method
was described last year by Judd Lewis for the examination of miscellaneous materials by reducing
the  metallic  content  to  the  form  of  sulphated  ash  and  mixing  the  ash  with  an  equal  bulk  of
ammonium sulphate; and then 10 mg. of the mixture was weighed out and pressed into a pellet
which  was  introduced  into  a  carbon  or  copper  arc  and  photographed.  The  mixtures  are  made
artificially, and these synthetic mixtures can be used for analysis. By a series of interpolations, it is
possible to get results with an accuracy of + or - 10% on the quantity measured, i.e., the ratio of the
minor constituents of the mixture to the major constituents. This is particularly important in the case
of minerals. 

Most of the quantitative work for spectrum analysis is done with the spark. The higher voltage
involved means that more energy is available for breaking up the atoms, and these consequently
emit more complicated spectra.  A high frequency spark has practically no heating effect and is
useful for delicate work, such as sparking single filings or for sparking samples which have not
been treated for reducing them to a homogeneous condition, e.g., animal substances. The spark can
be applied locally to a very small area. It is possible to detect various metals in animal substances,
even to differentiate between the metals contained in liver and kidney. Another valuable point about
the spark is that it can be used for examining the surface alone of a metallic sample. If the arc is
placed between two pieces of metal, an area of. perhaps ½mm. in diameter will be fused and the
depth of penetration of the arc will vary according to the metal. There will be a small crater of
molten metal at the end of the arc while the metal is being tested, so a considerable bulk of the
sample goes into the arc. The spark is more preferential. If it is passed between two pieces of metal,
it tests the outer layer preferentially. If the piece of metal has a fractured surface, the impurities
which have been segregated at the intercrystalline boundaries will be on the exposed surface and the
first exposures made will give a spectrum which indicates these superficial constituents.

The arc spectrum is more sensitive to bismuth in copper than is the spark.

If a very hot spark is used, a certain amount of selective distillation of impurities may take place,
and German workers looking for lead in gold have found that very minute quantities can only be



detected by passing a spark that has so much energy that the whole sample is heated, and the lead is
diffused to the surface of the gold.

Precious metals were being sought in quantities of the order of ½gr. of element to a ton of the
mineral. The mineral was fused, and the metallic impurities concentrated in a button of lead, which
was  finally  reduced  to  a  weight  of  40mg.,  introduced  into  the  carbon  arc  and  the  photograph
exposed for 20 seconds at a time. By this method first silver and gold are shown, then platinum, and
by photographing the spectra at intervals successive spectrographs can be made to show different
constituents in the order of their volatility.

The  general  utility  of  spectrum analysis  in  the  laboratory  is definitely  subsidiary  to  chemical
analysis. It does not replace chemical analysis in the metallurgical laboratory, but it should precede
it. During the last few years, about 40% of the metals passing through our laboratories have been
examined spectrographically. Usually half-a-dozen elements or impurities are looked for, but the
average number of metals tested for is nine; two people can make spectrographically five times as
many tests  as could otherwise be made by eight people in the same time, because one process
simultaneously reveals all the impurities present in the sample.

On one occasion a batch of small articles containing nickel became mixed with a batch that did not
contain nickel, and by means of the visual spectroscope and using one nickel line it was possible to
sort about 200 of the articles in an hour. The samples were not damaged, but there was a small
deposit of oxide where the arc had struck. Another application of the visual spectroscope to internal
testing is the “Spekker.” This has two prisms and spreads out the spectrum into a very wide band.
This instrument is particularly adapted for steel, and with it are sold a number of maps showing the
spectra of typical  steels.  Steels  can therefore be rapidly examined,  and lines  due to chromium,
vanadium, tungsten, nickel and copper can be identified almost instantaneously.

The developments of spectrum analysis are likely to be in the direction of increased refinements of
analysis rather than in increased scope. I cannot imagine a greatly increased scope, but there is room
for a great deal of improvement in the development of accuracy. I think some developments will be
attained by the use of filters  in  conjunction with photo-electric  cells,  and it  will  eventually  be
possible to estimate simultaneously the lines due to copper, and the zinc lines, in brass. It happens
that copper and zinc spectra are so simple that the light can be separated by filters.

Another  possibility  lies  in  the  fact  that  photo-electric  cells  are  now  being  made  which  are
selectively sensitive to certain frequencies. I think that photo-electric cells will be discovered which
are  particularly  sensitive  to  the  spectra  of  certain  metals  and  which  may  lend  themselves  to
spectrum analysis by a method similar to that of resonance, but it is rather “in the air” at present.
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Whole books have been written on this subject; in fact, several only cover individual parts of the
subject. It is obviously not possible in a short time to give a comprehensive survey of all physical
methods used in the problems of trace determinations and I prefer, therefore, to concentrate on two
aspects which are common to most methods, namely how these methods may be extended to the
determination of elements at very low levels and the quantitative determination of certain elements
which  are  of  direct  interest  to  metallurgists.  I  shall  deal  with  factors  affecting  sensitivity  and
standardisation and add my personal comments on a few side-issues.

The techniques which may be used include emission spectrography in the visible, UV and vacuum
UV, direct  reading also in  UV and vacuum UV, flame photometry,  atomic  absorption,  electron
micro-probe,  X-ray  fluorescence,  solid-source  mass  spectroscopy,  stable  isotope-dilution  and
several related techniques.

Before proceeding further, I ought to define the title of this paper and for this purpose I consider the
term ‘physical  method’ to  be  restricted  to  those  methods  which  have  already been mentioned.
Traces, I shall arbitrarily define as concentrations of less than 0.01% or 100 p.p.m., and I shall deal
exclusively with samples of interest to the metallurgist.  Such samples include not only metallic
materials,  but  also  corrosion  products,  effluents,  fluxes,  even  the  air  we  breathe,  so  that  the
determination of almost any inorganic constituent belongs to this context.

Emission Spectrography

For many years emission spectrography has provided the backbone of the analyst’s approach to the
problem of trace determinations. Assuming we start with an electrically conducting solid sample,
the  process  involved  in  emission  spectrography  is  as  follows:  An  electric  discharge,  whose
parameters may or may not be precisely controlled, vaporises an unknown amount of the sample
and excites some of the atomic vapour (the proportion of excited atoms is critically dependent on
temperature). A very small proportion of the emitted radiation passes through a narrow slit and,
after diffraction or refraction, is incident on a photographic plate. The density of images produced
on the plate, after development, may be measured using a microphotometer, or examined by eye.
Even assuming that the instruments used are 100%, efficient, this is a very wasteful process. If we
start with a 100 g metal sample, which may be representative of a 10-ton furnace charge, about 10
mg may be vapourised of which less than 1 atom in 108 is likely to be excited to the appropriate
energy level and subsequently emit the required radiation. The solid angle subtended at the source,
by the entrance slit of a spectrograph, is of the order of 10-8 radians so that only a very small amount
of  light  energy  reaches  the  photographic  plate.  This  means  that  of  the  potentially  available
information, less than one part in 1020 is used, and if the constituent being determined forms less
than 1 p.p.m. of the sample, we go even deeper into astronomical orders of magnitude. The marvel
is that under such wasteful conditions, values which have any significance are achieved. It must be
admitted, however, that here is room for improvement.

Sensitivity

If  we now look at  our  “semi-finished product”,  i.e.,  the  photographed spectrum, we shall  find
various factors which influence the limit of detection (the converse of sensitivity).



The manner  in  which  the  spectrum is  dispersed  will  have  a  two-fold  effect  on  the  sensitivity.
Obviously if there is insufficient resolution to separate the sensitive lines of trace elements from
nearby major element lines, these interferences will severely limit the usefulness of the spectrum.
However, simply having enough resolving power to separate the useful lines does not mean that
better results cannot be obtained with an even higher resolving power. In the ultimate, the limit of
detection is controlled by the ability to observe the presence of the spectrum line in question above
the  ever-present  background  radiation.  Only  when  a  statistically  significant  signal  above  the
background value is found, can it be accepted that the line has been detected. It follows, therefore,
that the stability of the background is just as important as the line-to-background intensity ratio.

The background radiation observed in a spectrum may originate as scattered radiation within the
spectrograph but is more likely to come from the source of radiation itself. If we assume there is no
scattered radiation within the spectrograph there are two ways in which line-to-background intensity
ratios may be improved, firstly by utilising light from the region of the source which emits the
highest  line  intensity  relative  to  the  background,  and  secondly  by  using  a  high-resolution
spectrograph which spreads the background radiation over a wider area, hence reducing background
intensity, without reducing line intensity. Thus, an effective increase in sensitivity may often be
obtained by using a spectrograph with a higher resolving power than is apparently necessary simply
from the point of view of separation of lines.

Occasionally, increased sensitivity may also be possible by more efficient operation of the source of
excitation. If a reduction in background or continuous radiation intensity can be obtained, this will
immediately have its effect on the line-to-background intensity-ratio. The continuum is often caused
by emission from incandescent particles and in this sense, carbon is a particularly bad offender. By
using  a  minimum  amount  of  carbon  or  graphite  in  conjunction  with  the  sample,  i.e.  in  the
supporting electrode or as a buffer with powder samples, higher sensitivities can often be achieved.
Another  cause  of  interfering  background-radiation  is  molecular-band  spectra  originating  from
within the discharge, notably the cyanogen bands produced by reaction between carbon electrodes
and nitrogen from the air.  These spectra are eliminated, and the general background level often
reduced by using an argon or argon-oxygen atmosphere to surround the discharge.

Another  method of  increasing  sensitivity  which  has  many more  applications  is  to  increase  the
number of atoms of the element being determined in the volume of the electric discharge. One such
method commonly used is the carrier-distillation technique1 for powder samples, and involves the
use  of  a  volatile  carrier,  e.g.,  gallium oxide  or  silver  chloride,  which  on  being  heated  in  the
electrode, rapidly volatilises together with other volatile constituents of the sample. In this case the
concentration  takes  place  simultaneously  with  the  excitation  but,  more  commonly,  a  separate
concentration is used. Thinking first of physical methods, one interesting method which appears to
have been used extensively in Russia but does not seem to have found favour in the West, is the
vacuum distillation of volatile components of a sample on to a cold finger which is subsequently
used as one of the electrodes in an ordinary electric discharge.2

Probably the most extensive concentration, of which I have direct experience, has been achieved in
the examination of the metal content of the atmosphere. In this procedure the particulate matter in
the atmosphere is collected by passing large volumes of air,  sometimes in excess of 100 cubic
metres through a filter  paper,  which is subsequently dissolved in 1 ml of sulphuric acid with a
concentration  factor  of  more  than  108.  When one  realises  that  a  detection  limit  of  0.05  µg of
Beryllium can be  achieved with  a  simple  solution  technique  on  the  resultant  sample3 then  the
original concentrations involved become difficult to comprehend.

The most common form of concentration process, however, is to use a chemical procedure such as
precipitation, solvent extraction or ion-exchange separation either with or without a carrier. It is



because these processes are frequently used that I hesitated to define the term physical in the first
instance. On most occasions the lowest levels of detection which have been reached could not have
been achieved without a preliminary concentration such as this, but it is not intended. to delve
deeply into this aspect, except to mention where particular concentration procedures have a special
value.

Standardisation

Up  to  this  stage  the  various  factors  which  influence  or  limit  the  sensitivity  of  emission
spectrographic procedures have been dealt with. These points have been emphasised because most
of them apply equally to many other physical methods. Before considering these other methods, it is
best first to consider the problems of standardisation, because these are also common to many of the
methods which will be described subsequently.

The main problem of standardisation is to establish with reliability the relationship between line
intensity and concentration. Unfortunately, this relationship is not the same when one element is
being determined in the presence of differing major constituents or even, in some cases, when just
the amount of the alloying constituent is varied. Theories of excitation processes are not sufficiently
reliable to enable their application in the calculation of either absolute or relative intensity values.
For  this  reason,  almost  all  spectrographic determinations are  comparative,  involving the use of
standards which are either chemically analysed materials or synthesised to approach the form and
composition of the sample.

For  most  straightforward  determinations,  the  ideal  sample  form  for  metals  is  a  solid  piece
sufficiently massive to avoid any edge or thickness effects. Two difficulties often arise with solid
samples, firstly the provision of suitable standards of varying levels of trace elements and secondly,
the amount of chemical work involved in analysing the standard samples. Attempts have been made
to circumvent these two difficulties by careful and controlled melting of samples, to which has been
added a known amount of the trace elements, making the assumption that the final composition
corresponds  to  the  amounts  added.  Only  in  exceptional  circumstances  is  this  method  entirely
successful. One example of the difficulties involved was shown in an article in a leading American
analytical journal in which the determination of impurities in zirconium, using solid samples, was
described.4

The standard samples were prepared by blending several lots of metal of known composition and
arc  melting  to  form  small  ingots.  Subsequent  chemical  checks  indicated  a  loss  of  certain
constituents during the melting process and, therefore, the calculated values were ignored and the
chemically determined values were taken as correct. This is a satisfactory procedure but two further
points, which came later in the same paper, indicate that the authors were not fully aware of the
basic requirements of standardisation. One of the elements under investigation was cadmium but, as
would  be  expected  in  arc  melting  the  standards,  cadmium was  almost  completely  removed by
volatilisation, in fact even the most sensitive chemical methods available were not able to detect the
residual cadmium content. Because of this, the authors were left with standards containing virtually
no cadmium so they made the blithe assumption that using the most sensitive cadmium line the
detection  limit  would  be  below the  specification  limit  and,  since  they  had  never  detected  the
cadmium line in spectra from any production samples, this was considered satisfactory proof that
the specification was being achieved. The level at which they were working was less than 0.5 p.p.m.
and however sensitive the cadmium line might be, this level is unlikely to be very much in excess of
the detection limit. This is not an easy problem to resolve because it means that standard samples of
the right composition must be produced. We overcame precisely the same problem by melting a
small button of zirconium with initially something in excess of 1,000 p.p.m. of cadmium. The final
product was shown to contain 0.12 p.p.m. by a chemical procedure, involving an organic solvent-



extraction and final polarographic evaluation of cadmium; this has since been used extensively as a
spectrographic standard in both carrier distillation and solid sample testing.

The second point to which exception could be taken was the manner in which small samples were
dealt with, e.g., foil, sheet clippings, millings and sponge samples. The proposed method of dealing
with  these  samples  was  to  melt  them  into  a  sufficiently  massive  solid  piece  using  the  same
procedure as that used for preparing the standards. No account was taken of the admitted losses of
certain elements during the melting procedure and one can only hope that the results of the analyses
based on this process were not of great importance, certainly they were not of great accuracy. The
moral of this episode is that standards must always conform to the state in which the sample is
handled.

When samples of miscellaneous form are encountered, the preliminary step in any procedure must
be to reduce them to a common form. Two methods that are often used are dissolution or oxidation
of the sample, in both cases the shape and metallurgical state of the sample are destroyed, and the
sample is reduced to a condition which may be simulated readily by the use of standards.  The
method  of  dissolution  appears  to  have  advantages  in  standardisation  problems,  because  it  is
relatively easy to make known additions to solutions of high purity materials, but it lacks sensitivity.
Even with a relatively high solution concentration of 2%, the initial stage in the procedure produces
a 50-fold dilution of the sample, with a corresponding rise in the limit of detection. Furthermore, the
excitation process in  most solution methods does not allow high energy discharges to be used,
because of the heating effect on the solution, and this results in a further reduction in sensitivity.
These  restrictions  do  not  remove  solution  methods  from  the  field  of  trace  determinations
completely, but it does mean that even greater effort must be made to achieve minimum background
intensities and maximum light gathering power of the spectrograph.

The second method of reducing samples to a common form is to convert the metal to the oxide.
Oxidation is usually achieved by heating in air or a stream of oxygen for periods of up to eight
hours. Some of the disadvantages of the solution methods are overcome in this way, particularly the
dilution effect,  but others  are  introduced. Anyone who has attempted the mixing of very small
amounts  of  powders  with  large  amounts  of  another  powder  will  immediately  understand  one
difficulty. The process of dilution which is so simple with solutions becomes almost an act of faith
with powders. Even with the best of conditions, we have observed large differences between mixed
oxide standards prepared in this way, and samples which have been oxidised by heating. If we
consider  the individual  particles in  the oxide mixture,  the oxide standard will  consist  of a few
particles of the impurity oxides scattered randomly among the matrix oxide particles, but with the
sample of oxidised metal the impurity elements will almost certainly be contained in what we may
call ‘alloy’ oxide particles, the impurity and matrix elements being in a more intimate mixture than
one can ever hope to obtain by normal mechanical mixing. This may, at first sight, appear to be of
minor importance but the properties of mixed oxides do not necessarily consist of the sum. of the
properties of the individual constituents, in such factors as dissociation constants or reaction rates,
hence the rates at which the various elements are liberated into the electric discharge may well be
affected. A further disadvantage of the synthetically produced standard is the often conveniently
forgotten fact that some elements have oxides that volatilise or sublime at the temperatures used. in
oxidising the sample. One element in which such an effect is frequently ignored is molybdenum
where the oxide may sublime at below 650°C. Our experience has been that an alloy containing
0.5% molybdenum, when oxidised at 950°C has an apparent molybdenum content of less than 100
p.p.m., so for any trace determinations, such a procedure would produce erroneously low results.

The best method of standardisation is to start with standards of reliable composition, then process
them through the same solution or oxidation procedure as that used for analysis of the samples.



Although this removes the independent nature of the spectrographic method, the ability of always
being able to refer back to a reference standard has much in its favour.

Other Methods

So far, the problems involved in emission spectrographic methods have been referred to in some
detail; perhaps this is only natural when it is the principal physical method which has been used for
trace determination over many years. However, in preparing this paper it soon became obvious that
it would not be possible to deal with all the methods with the same degree of detail but at the same
time, it turned out that many of the factors affecting sensitivity and. standardisation were common
to the various methods. The remainder of the paper will consist therefore of a summary of various
other methods indicating some of the factors which influence sensitivity and standardisation.

Direct-Reading Spectrometry

Most of  the  comments  which  have  been made concerning emission spectrographic  procedures,
apply equally well to direct-reading techniques. The main difference between these two techniques
is in the method of measurement of light intensities, in that the photographic plate is replaced by a
series of slits so positioned that the light that would have formed spectrum lines on the photographic
plate pass through the slits to photomultipliers. These slits normally accept not only the spectrum
line,  but  also  some of  the  immediately  adjacent  background  radiation  and  because  of  this  the
stability  of  background  intensity  is  of  paramount  importance  when  trace  elements  are  being
determined.  In some of the most  recent  developments,  source units  based on the now familiar
triggered condenser discharge have been evolved which produce remarkably constant background
conditions. This factor may be due, in part, to the excitation source, with its thyratron-controlled
trigger, but is more likely to be due to the fact that an argon atmosphere surrounds the discharge,
and that metallic counter electrodes are used. These source units have been developed for use with
direct-reading instruments utilising the vacuum ultra-violet region. Photographic measurements in
this region of the spectrum are difficult, because of the absence of suitable fine grain high contrast
plates,  but  photo-multiplier  detection  can  extend  to  regions  of  the  spectrum  approaching  X-
radiation. The main advantage of these instruments is that they allow the use of sensitive lines of
certain elements,  which could not  otherwise be detected,  e.g.,  carbon,  sulphur  and phosphorus,
which  are  important  elements  particularly  within  the  steel  industry.  Vacuum  direct-reading
instruments are not restricted solely to the determination of these elements because it  has been
found that there are lines due to other. elements which also show a higher sensitivity in the vacuum
U.V. region, than in the more normally used ultra-violet or visible region. One example of this is in
the detection of aluminium where a 5-fold increase in sensitivity has been claimed by using one of
these short  wavelength lines.  Standardisation problems are identical with normal spectrographic
procedures,  and  it  is  almost  an  invariable  rule  to  use  standardised  samples  which  have  been
analysed by alternative procedures.

Flame Photometry

Turning now to another method which involves the measurement of spectrum intensities, I would
like to comment upon the use of flame-photometric methods in trace determinations. The normal
procedure which is used in this method is to spray solutions of samples into a flame and to measure
the intensity of selected lines in the spectrum of the elements to be determined. Such methods have
been used for a long time for the sensitive detection of sodium, lithium and potassium, but more
recently flame photometry has been extended to include a wide range of elements, by the use of
high temperatures flames such as oxy-acetylene.5 Normally the measurement of intensity is made
on  an  absolute  basis,  instead  of  the  ratio  or  internal  standard  procedure  used  in  emission
spectroscopy and, because of this, the stability of the flame emission is of paramount importance



particularly with respect to the background radiation.  One of the most important factors which
limits the sensitivity of flame photometric methods is the variation in background intensity and this
effect may be minimised if a simultaneous measurement of background and line intensity is made.
One system which permits such a simultaneous measurement6 uses two reflecting mirrors to form
the jaws of a slit which isolates the line being measured, but simultaneously reflects the adjacent
background  on  to  a  second  photomultiplier.  Using  simultaneous  measurements  of  line  and
background intensities with such equipment, it has been claimed that line intensities of less than 1%
of the background intensity can be measured with a satisfactory degree of accuracy. Obviously, this
represents a considerable improvement in sensitivity, over methods which do not apply such precise
background corrections.

One of the most effective methods for increasing sensitivity has been the use of organic solvents for
solution of the elements being determined. If an organic solvent extraction procedure is used for
concentration of the element under consideration, a twofold improvement in sensitivity is obtained.
The increased concentration is coupled with the greater sensitivity obtained when organic solvents
are sprayed, the latter being due to a combination of improved atomiser efficiency and a greater
proportion of the atoms which are obtained in the vapour form.

Standardisation is relatively simple, because solutions are used, but it is essential to ensure that the
constituents within both standard and sample solutions, are the same. Interferences are frequently
observed which necessitate careful control of both anion and cation concentrations.

Atomic Absorption Spectrophotometry

Whilst most people are familiar with the intense yellow light, due to sodium in a flame, it is less
frequently  realised  that  absorption  is  also  taking  place  within  the  same  flame  at  the  same
wavelength. The principles of atomic-absorption spectroscopy were laid down as recently as 19557,
and this method has expanded into a valuable addition to the analyst’s forces.8 By passing light of a
selected wave-length through atomic vapour, absorption takes place, and this may be used as a
measurement of the atomic concentrations within the vapour. In many respects the process is similar
to flame photometry, in that a conventional atomic-absorption spectrometer consists of an atomiser
and  flame as  the  means  for  producing  atomic  vapour,  and  a  monochromator  for  selecting  the
required radiation which is emitted by a separate discharge lamp. Atomic absorption has several
advantages over flame photometry, particularly in trace determinations. The limiting factor is not
variation in background absorption in the flame, because this is negligible, but the variation in light
output from the auxiliary source of radiation. This may be controlled, in some instances, to as little
as ±¼% of the output intensity, which allows measurements of absorption of the same order of
magnitude.

Many elements  which  are  insensitive,  in  emission,  are  very  sensitive  in  absorption,  e.g.,  zinc,
magnesium, cadmium, silver and lead but, unfortunately, there are many elements which at present
are not easily atomised within a flame and, therefore,  produce neither absorption nor emission.
These elements invariably have stable  oxides which do not dissociate  to  atomic vapour within
normal flames, but it has been shown recently that by using a very rich oxy-acetylene flame, where
the oxygen concentration is below the stoichiometric proportion required for complete combustion
of the acetylene, some of these elements can be detected.9 This is obviously a very important new
field and seems likely to be exploited in the next few years. Other methods for increasing sensitivity
in atomic absorption involve the use of more efficient atomisers and greater path lengths for the
light which is being absorbed. In the normal atomising process, the fine droplets which are formed
are separated from the coarser drops and in this way only about 10% of the solution passes through
to the flame. By using warm air as an atomising medium, it has been claimed10 that a doubling of
the proportion of fine droplets occurs with a corresponding increase in sensitivity. The normal flame



length in present day instruments is about 10 cm, but the path length through this absorbing medium
and hence the measured absorption, may be increased by multiple reflections of the light beam
through the same flame. Another interesting method of increasing path length has been developed in
America. The combustion products from a small flame are fed into a long tube, about a metre in
length, through which the light to be absorbed is passed. Some difficulties have been encountered
with this process, but an increase in sensitivity, between 10 and. 100 times, has been claimed for
some elements.11

Because solutions are normally used in the atomic-absorption process, it is a particularly convenient
method  for  the  analysis  of  effluents,  plating  solutions  and  other  solutions  of  interest  to  the
metallurgist.  Because of its  relative freedom from interference from other  elements,  very rapid
determinations of a wide range of trace constituents can be made in such samples.

The method of spraying solutions into a flame is obviously a wasteful process, and there is a lot of
work being carried  on  with  a  view to  the  production  of  atomic  vapour  directly  from metallic
samples, by using a sputtering process.12 This procedure is still in its infancy, but it shows some
promise for trace determinations, particularly for those elements which are difficult to obtain in an
atomic form in the conventional flame.

Another method of producing atomic vapour directly from a solid sample, which we are considering
is the use of a focussed beam from a laser to vaporise a small volume of sample. The sample would
have to  be surrounded by a  suitable  inert  atmosphere and the technique would be,  in  effect,  a
‘milliprobe’ because of the small volume of the sample which is vapourised.

Standardisation is straight forward when solutions are used. When trace determinations in metals
are being carried out, relatively concentrated solutions have to be used, which affect the atomiser
efficiency, and some form of compensation is required.

X-ray Fluorescence

X-ray fluorescence is a physical method which has been used to a large extent in the determination
of major and alloying constituents.13 It is possible, however, to extend its use into the trace range in
certain instances.14 The main limiting factor is the background radiation received by the detectors
which,  because of the relatively crude form of the spectrometers used,  is due to both scattered
radiation and the lack of resolution from X-radiations of similar wavelengths. Perhaps it is most
useful  in  the  context  of  trace  determinations  when  it  is  applied  in  the  detection  of  surface
contaminants present only as a trace in the samples as a whole but constitute a high concentration
on the surface irradiated by the primary X-ray beam. Plating thicknesses can be determined by this
method, either by the measurement  of the total  intensity  due to the plating elements  or by the
attenuated intensity which is characteristic of the underlying materials. 

Electron probe micro-analyser

The use of X-radiation leads to the next instrument, the electron probe micro-analyser, which again
may be considered as an instrument for determining certain types of trace elements when they are
present in relatively high concentrations but in small volumes. It is not intended to consider the
metallographic aspects of the micro-analyser, but only the quantitative analytical information which
can be derived from it.

Trace  impurities  are  frequently  segregated  within  a  metal  sample  either  as  inclusions  or  as
precipitates at a grain boundary and by using the highly focussed electron probe the micro-analyser
has the ability to measure concentrations of these elements in volumes approaching 1 micron cube.



In some of the early work with these instruments, claims were made that analytical accuracies of
better than 1% could be achieved by measurement of emitted X-radiation and calculation of the
inevitable interference effects due to the presence of other elements. This process would be an ideal
physical  method  in  that  only  physical  measurements  and  physical  constants  are  used  in  the
determination. Naturally, this has attracted a fair amount of attention by physicists, and some degree
of success can rightly be claimed for such methods. There are many instances however, when the
alternative method of using standard samples of known composition could have been used and it is
now becoming more apparent that the highest accuracies can only be achieved by the empirical
method of using standard samples15. I think it will be accepted in the fairly near future by workers in
this  field,  that  where  standards  of  known composition  can  be  used,  then  this  is  the  preferable
method for analyses of high accuracy. This does not exclude the occasions when compounds are
present which do not permit the use of external standards and, under these conditions,  the best
results will still be achieved solely by the physical calculations.

Neutron Activation

The remarkable strides that have been made in recent years in nuclear physics have resulted in
several techniques which can be of use to the analyst in trace determinations. Foremost among these
is neutron activation, a subject which is vast but at the same time, is very restricted, because of the
essential  requirement  of  a  thermal  neutron  flux  which  is  only  available  in  nuclear  reactors.
Remarkable  sensitivities  have  been  achieved  by  this  process  but  because  of  its  specialised
application it is not intended to include any details of the technique in this paper. An extensive
review of the subject is available.16 Fast neutron sources are now becoming available for laboratory
use and there is at least one determination which is feasible using such a source of neutrons for
activation analysis.17 When oxygen atoms are bombarded by high energy neutrons,  an unstable
nitrogen isotope is produced which decays with a half-life of 7.4 seconds and emits gamma rays of
characteristic energies. By measurement of the gamma radiation the amount of oxygen present in
the original sample can be calculated. The minimum amount of oxygen which can be detected with
a  commercially  available  equipment  is  of  the  order  of  1  mg,  which  restricts  the  use  of  such
equipment  to  the  determination  of  oxygen  in  solid  samples,  at  levels  above  50  p.p.m.  Such
determinations involve the use of relatively massive samples of the order of 20 - 50 g and, for
accurate determinations, the sample must be in a standardised form. The exceedingly high speed of
the  process,  however,  allows determinations  to  be made within a  minute  or  so of  receipt  of  a
suitable sample.

Mass spectrograph

The last technique to be described is potentially the most powerful process for trace determinations
in metallurgical samples, namely solid-source mass spectrography. This subject was dealt with in
some detail at a lecture to your Society last year and it is not proposed to go into too much detail
here. By using a high-voltage spark source ions of the elements present in the sample are produced
and attracted by a high voltage accelerating system into a mass spectrograph which records the
relative ion concentration on a photographic plate. Many of the limiting factors which apply to
emission spectrography equally apply to this process. The limit of detection is controlled by the
intensity  of  background  radiation,  higher  resolution  would  enable  higher  sensitivities  to  be
achieved, not only because of the increased line-to-background intensity ratio, but also on occasions
because of the separation of interfering mass spectrum lines. As a matter of interest, the process of
solid-source mass spectrography is not as wasteful as its emission counterpart. The high-voltage
spark  source  produces  a  greater  concentration  of  ionised  atoms  than  the  corresponding
concentration of excited atoms in the emission source and, furthermore, a higher proportion of the
ions produced pass through the instrument,  because of the attraction effect  of the high voltage
accelerators.



Sensitivities of the order of 0.01 to or 0.1 p.p.m. can be achieved for a large number of elements
and,  because  of  this,  the  standardisation  problem  can  be  considerable.  For  comparative  tests
between samples of similar composition the relative concentration of a particular element can be
established fairly  precisely by measuring the  ratio  of  their  intensities,  but  the determination of
absolute concentration is dependent upon accurate standardisation. Attempts have been made to use
solution methods, but this has involved the use of porous-graphite electrodes which produce a very
high background intensity due to the multiple charged electrical species that can be produced from
these electrodes. The best method again involves the use of samples of known composition, the
impurity levels having been determined by an alternative technique.

Stable Isotope Dilution

One. process which has been used with some success uses the principles of mass spectroscopy for
standardisation at these exceedingly low levels. By making a known addition to the sample of a
stable  isotope,  differing  in  mass  number  to  the  naturally  occurring  isotopes,  it  is  possible  to
determine  the  concentration  of  the  naturally  occurring  isotope  by  measurement  of  the  relative
concentrations of the two isotopes of the same element.  This method,  known as  stable  isotope
dilution,18 has been used with great success in the determination of certain elements, but it involves
the  use  of  specialised  equipment  and  a  careful  handling  technique  to  avoid  the  possibility  of
contamination.

Another application of the stable isotope dilution principle has been developed and used in Russia
in the determination of hydrogen in metals.19 The sample being analysed is heated in a deuterium
rich  atmosphere  until  an  equilibrium is  reached  between  the  hydrogen  in  the  sample  and  the
deuterium in the atmosphere. The change in the hydrogen-deuterium ratio in the gas is determined,
by using an electrode-less gas-discharge with photoelectric detection of the separate isotope lines,
from which the hydrogen content of the sample can be calculated.

Discussion

In the discussion concerning various physical methods,  a personal choice has been made as to
which  methods  are  classified  as  physical  and  which  are  not.  Such  methods  as  polarography,
absorptiometry  and  many  other  processes  which  depend  on  physical  instruments  for  the
measurement of properties of the element under consideration have been omitted purposely because
the properties under consideration are frequently the result of a chemical reaction and, therefore,
make them one stage removed from the terms of reference of this paper. There is, however, room
for considerable improvement in the terminology applied to analytical techniques because, although
the. methods which have been described are generally accepted as being physical methods, many of
them involve a modicum of chemistry, and in reverse the majority of so-called chemical procedures
involve a large number of physical measurements.

Perhaps there has been an overemphasis of the difficulties involved in the various methods which
have been described, but this should not detract from the fact that a tremendous volume of work is
carried out by these techniques. We have only to think of some of the applications of these methods
to realise their great value. For example, there is the rapid routine control of impurity levels using
direct-reading instruments, the determination of trace quantities of zinc, magnesium, lead or many
other  elements  by  atomic-absorption  spectrophotometry,  the  semi-quantitative  determination  of
perhaps forty or more impurity elements in the p.p.m. range by solid-source mass spectrometry and
a host of other applications.

Summarising, therefore, there are many common features in the wide range of physical methods
which may be used for trace determination. In the pursuit of increased sensitivity, it is important to



increase the number of atoms which take part in the source of radiation (or absorption) without
increasing the proportion of interfering atoms of molecules. Greater resolution of the dispersing
medium.  almost  invariably  brings  about  an  increase  in  the  signal-to-noise  ratio,  and  a  greater
aperture  or  light  gathering  power  often  makes  the  detection  of  low  intensities  possible.
Standardisation is best carried out by using analysed standards which are in the same form as the
initial  state  of  the  sample but  where  solution  techniques  are  employed,  synthetic  standards  are
relatively easy to prepare.
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THE CONSTITUTION OF THE NICKEL-ALUMINIUM SYSTEM.
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(Presented at the Annual Autumn Meeting of the Institute of Metals, Sheffield, September 7, 1937.)

Synopsis

The  system  nickel-aluminium  has  been  studied  by  thermal  and  micrographic  methods,  and  a
hitherto unsuspected phase is  found to exist,  containing 84-5-87 per cent.  nickel,  and probably
corresponding to the intermetallic compound Ni3Al (86-7 per cont. nickel). Otherwise, the diagram
remains substantially as determined by Gwyer, except that the compound described by Gwyer as
NiAl2 is shown to be Ni2Al3.

A change in solubility of nickel in NiAl causes alloys with 80-85 per cent,  nickel to exhibit  a
suppressed  structure  when  quenched  from  temperatures  exceeding  1150°  C.,  and  to  undergo
hardness changes on heat-treatment similar fo those which occur in the suppressed β phase of the
copper-aluminium system.

Some  preliminary  observations  suggest  that  the  nickel-rich  alloys  may  possess  desirable  heat-
resisting properties.

Introduction

Micrographic evidence obtained in the course of an investigation of the constitution of the’ nickel-
copper-rich aluminium-nickel-copper alloys, pointed to the existence of a phase which could not be
identified by reference to the only published diagram for nickel-aluminium alloys, due to Gwyer.1 A
re-examination of these alloys was therefore rendered necessary.

The only other published work on the constitution of this system until very recently was that of Fink
and Willey,2 who made a detailed investigation of the alloys containing up to 18 per cent. Nickel.
They  determined  accurately  the  eutectic  composition  and  temperature  and  the  changes  with
temperature of the solid solubility of nickel in aluminium. Just as the present paper was completed,
however, Bradley and Taylor3 published the results of an X-ray study of the phases present at room
temperature, together with a few results obtained from quenched specimens.

Preliminary Work

Through the interest of Dr. L. B. Pfeil, several nickel-rich nickel-aluminium alloys were prepared in
a small high-frequency induction furnace in the laboratories of The Mond Nickel Company, Ltd.

Examination  of  the  microstructures  of  slowly-cooled  and  heat-treated  specimens  lead  to  the
tentative modification of Gwyer’s diagram by the introduction of an additional phase, which has
been termed θ,  for  ease  of  reference in  discussing the  constitution  of  aluminium-nickel-copper
alloys, which is to, be the subject of a subsequent paper. The authors have preferred to name this
phase θ, rather than β or γ, because its space lattice and electron - atom ratio do not correspond with
those usually now associated with the phases denoted by the latter symbols. The phase in this series
of alloys which has the typical β features is the compound NiAl.

The range of existence of the θ phase field appeared to be from 85.5 to 88 per cent. nickel, for
alloys with compositions lying between these limits  underwent no change in structure on slow
cooling from 1400° C. It was noted that a compound having the formula Ni3Al would contain 86.7



per cent. nickel. An X-ray spectrogram showed that the θ phase has a face-centred cubic lattice with
a superlattice, a fact that has been confirmed independently by Bradley and Taylor,3 who also agree
with the suggested formula.
 
Experimental Work

As a result of the above observations, it was decided to proceed to a fuller investigation of the
nickel-aluminium system. Alloys covering the entire range of compositions were therefore made up,
aluminium of 99.89 per cent. purity and Mond Nickel shot of an equal degree of purity being used.

Alloys containing up to 20 per cent,  nickel were prepared in an electric resistance furnace and
cooling  curves  were  taken on samples  of  them which  were  remelted  and cooled  in  a  gradient
furnace. A Chromel-Alumel couple was employed, which had been calibrated against the usual pure
metals  and  the  copper-silver  eutectic,  and  it  was  estimated  that  the  accuracy  of  temperature
measurement was ±0.25oC.

All the alloys containing more than 20 per cent. nickel were made in a high-frequency induction
furnace, through which a continuous stream of dry, oxygen-free nitrogen was passed. Sillimanite
crucibles, coated internally with a white Alundum cement, were found suitable for containing the
melt.  The volume of alloy was kept approximately constant and, since considerable changes in
density occur over the range of alloys investigated, the weight of a melt varied from 100 grm. For
aluminium-rich alloys to 300 grm. for nickel-rich alloys. The loss on melting was of the order of 1
per cent, of the total weight.

Cooling curves were taken of the alloys as they cooled in the furnace immediately after synthesis,
the temperature being measured with a platinum/platinum-rhodium couple which was protected by
a silica sheath coated at the end with Alundum cement. Determinations of the melting points of pure
copper and pure nickel with this couple showed close agreement with a standard calibration curve
which was available, and of which use was consequently made. The accuracy of the temperatures
obtained  is  estimated  as  ±2°.  at  1400°C,  and  ±1°C.  At  1100°  C.  A  Carpenter-Stansfield
potentiometer was used throughout, and all cooling curves were recorded as inverse rate curves on a
Rosenhain plotting chronograph.

The observation of Gwyer and earlier workers (e.g., Guillet), that large evolutions of heat occur on
synthesizing alloys containing 40-85 per cent, nickel, was confirmed. If nickel shot be stirred into
aluminium at 800° C. sufficient heat is generated to increase the temperature of the melt to 1500° C.
for a brief time.

Analysis of a few representative alloys showed that in most cases the nickel content was slightly
less than the calculated value, but the discrepancy was not large enough to make it necessary for
every alloy to be analysed and in constructing the equilibrium diagram the nominal values have
been used.

The methods of analysis were as follow: a 0.5 grm. sample was dissolved in sulphuric acid. An
aliquot portion of solution was taken and, after addition of tartaric acid to keep the aluminium in
solution,  was  made  faintly  ammoniacal.  Gravimetric  determination  of  nickel  by  the  usual
dimethylglyoxime method or volumetric estimation could then be made. In the latter case excess of
a standard potassium cyanide solution was run in and the excess titrated with standard silver nitrate
solution, potassium iodide serving as indicator.



The results of the analysis of a few alloys by these methods are given in Table 1. Spectrographic
analysis of one or two alloys showed that the only impurities present to the extent of more than a
trace were iron and silicon, which were of the order of 0:05 and 0.10 per cent., respectively.

Results of Thermal Analysis

The thermal arrests obtained from the cooling curves are given in Table II and in the diagrams, Figs.
1 and 2. The results for alloys containing between 0 and 68.5 per cent. nickel, where a maximum
occurs in the liquidus curve,  corresponding to the compound NiAl,  support in general those of
Gwyer and of Fink and Willey, which are also included in Fig. 1. -The peritectic reactions were
found to occur at the following constant temperatures:

NiAl + Liq. → Ni2Al3 at 1133oC.
Ni2Al3 + Liq. → NiAl3 at 854oC.

 

In alloys containing less than 60 per cent. nickel, the temperaure given in coluns 1 - 3 refers to: (1)
peritectic reaction: NiAl + liq  → Ni2Al3; (2) peritectic reaction: Ni2Al3 + liq → NiAl3; (3) Al +
NiAl3 eutectic.



That the peritectic reactions did not proceed to completion at the rate of cooling obtaining in the
high-frequency furnace, was apparent from the eutectic arrest given by the 45 per cent. nickel alloy.

No evidence was found in alloys containing 0-40 per cent. nickel of the arrest at about 550° C.
which was observed by Gwyer, and which, it must be concluded, was in some way connected with
the impurities present in the materials used.

The liquidus curve fell both from pure nickel and from the 68.5 per cent. nickel alloy, reaching a
minimum at a temperature of about 1362° C. and a composition of 86.7 per cent. nickel. Alloys
containing 82-88.5 per cent. nickel gave arrests near this minimum temperature, and, in addition,
those alloys  containing 82-85 per cent.  nickel  exhibited an extended arrest  between 1320° and
1150° C. of a type indicative of a separation from solid solution. No investigation has been made of
the effect of aluminium on the Curie point of nickel.



Microstructures of Slowly Cooled Alloys

Specimens cut from the cooling curve ingots were examined microscopically. The most suitable
etching reagents were found to be dilute hydrofluoric acid for the aluminium-rich alloys and a
mixture of nitric and acetic acids in water, glycerine, or acetone for all alloys containing more than
20 per cent. nickel.

Alloys with compositions between 80 and 95 per cent. nickel proved very difficult to prepare as
they were extremely hard and tough, and the only method of securing suitable microspecimens was
by  grinding  with  a  high-speed  abrading  disc.  The  greatest  combined  hardness  and  toughness
appeared to be possessed by the alloy containing 86.7 per cent. nickel, the hardness of which was
270 V.P.N. (see Table III).





The alloys containing more than 92.5 per cent. nickel exhibited the cored structure typical of cast
solid solutions, Alloys having between 87.5 and 92.5 per cent. nickel presented a similar appearance
(Fig. 5), but in these cases the darker areas were found at higher magnifications to possess a duplex



structure of α and θ having a fine cellular form, as shown in Fig. 6. The 86.7 per cent. nickel alloy
was quite homogeneous, and thus the existence of the θ phase was confirmed.

In alloys containing less than 86.7 per cent. nickel, primary dendrites of the NiAl phase appeared
(Fig. 7) which down to 82 per cent. nickel bore a suppressed structure, while some θ which had
separated was also visible (Fig. 9). The matrices of all these alloys consisted of uniform θ. No trace
could be seen of the eutectic, to the existence of which the minimum in the liquidus curve pointed.

In the range 55-80 per cent. nickel all the alloys appeared homogeneous and it was not possible at
this stage to differentiate between NiAl and Ni2Al3 (see later). It has been decided on the authors’
own evidence and that  of  Bradley and Taylor,3 to  refer  throughout  the paper  to  Ni2Al3 for the
compound which Gwyer assumed to be NiAl2. This phase is characterized by a blue-grey colour and
by a lack of intergranular cohesion, so that alloys largely or wholly composed of this constituent
tend  to  crumble.  The  difficulty  which  this  latter  property  offered  to  the  preparation  of
microspecimens was overcome by mounting the powdered alloys in Bakelite. The authors do not
agree with Bradley and Taylor that Ni2Al3 is readily attacked by water; specimens left for days in
water appeared quite unchanged.

Alloys containing between 35 and 53 per cent. nickel, in the unetched state were seen to consist of
the blue-grey Ni2Al3, phase and the brilliant white NiAl3 phase. The latter, when etched with dilute
hydrofluoric acid, became blue, brown, or black, according to the duration of attack. The 35 per
cent. nickel alloy (Fig. 14) contained some NiAl, present as a result of the incompletion of the
peritectic reaction: Ni2Al3 + liq. → NiAl3.

Between 5 and 30 per  cent.  nickel  the alloys consisted of  primary NiAl3 dendrites  and NiAl3-
aluminium eutectic. The 5 per cent. nickel alloy showed eutectic with a trace of primary aluminium.

Determination of the Solidus

The  solidus  curves  were  determined  from  the  microscopic  examination  of  numerous  small
specimens  which  had  been  cut  from  the  cooling  curve  ingots  and  subjected  to  various  heat-
treatments. These heat-treatments were given at intervals of 5° in the region between 80 and 90 per
cent. nickel, and the results are incorporated in Figs. 1 and 2. Incidentally, it was revealed in the
course of this work that some of these alloys, when they solidified, were undercooled to the extent
of 20° C., a result, probably, of the very rapid cooling which takes place in the high-frequency
induction furnace at those high temperatures.

No special precautions were taken against surface deterioration during the heat-treatment, as it was
found that all these alloys are extremely resistant to heat. As the specimens were treated in batches,
however, each one was lightly covered with a wash of Alundum cement to prevent those containing
liquid at the high temperature from running together. 

For treatments above 1100° C., a platinum-wound resistance furnace was used, periods of the order
of 2 hrs. at 1400° C, and 3 hrs. at 1300° C. proving to be sufficient to ensure the attainment of
equilibrium.  Since  these  times  were  comparatively  short,  the  temperature  could  be  controlled
manually to within ±2°C. of the desired figure. Annealings at temperatures below 1100° C. were
carried out in Kanthal-wound furnaces, supplied with current through a voltage regulator which
maintained the temperature constant to within ±2° C. over periods of several days.



It was found possible, by quenching specimens, to reveal the eutectic which had been believed to
exist near the nickel end of the diagram (Fig. 8) and to place its temperature at 1385° ±2° C. and its
composition very close to 86.7 per cent. nickel. The observation that the alloy of this composition
consists entirely of θ when slowly cooled, or quenched from below 1375°C., is explained by the
increase of solubility of nickel in θ that occurs between 1885° and 1370° C. and which results in the
disappearance of what little α has separated in the eutectic.

At the eutectic temperature the limit of the α phase field was estimated to be 89 per cent. nickel, and
that of the θ phase field as 86.4 ±0.2 per cent. nickel.

The peritectic reaction of NiAl with liquid to give θ appears to take place at 1395° ± 2°C., for
whereas at 1400° C. the alloys containing 86, 85, 83.5, and 82 per cent. nickel consisted of NiAl
solid solution and liquid; at 1390° C. they were all solid. The first alloy was composed wholly of θ,
the second and third of NiAl solid solution and θ, and the last of NiAl solid solution bearing a
suppressed structure, such as is shown in Fig, 12. The NiAl phase extends to about 83 per cent.
nickel at the peritectic temperature.

On the other side of the maximum which occurs in the liquidus at 1638° C. and 68.5 per cent.
nickel, the solidus falls steeply to 1133° C. at 61.0 per cent. nickel, where NiAl solid solution of this
composition reacts with liquid containing 44.4 per cent. nickel to produce a new phase having 59.5
±0.3 per cont, nickel.

That the alloys containing 44-60 per cent. nickel did rot undercool when they first solidified, was
shown by heating curves and by the micrographic work,  both of which confirmed the reaction
temperature given by the cooling curves. The alloys containing 51, 52, and 53 per cent. nickel,
when annealed  at  1100° C.,  proved to consist  of  compound and liquid in  approximately  equal
quantities,  whereas  one  phase  only  was  present  in  the  59  and 60 per  cent.  nickel  alloys.  The
composition of the origin of this phase thus affords substantial grounds for attributing to the phase
the formula Ni2Al3 (59.18 per cent. nickel) and for rejecting NiAl2 (62.12 per cent. nickel).

The solidus curve again falls sharply from 59.5 per cent.  nickel to the temperature of the next
peritectic reaction (854° C.), in which Ni2Al3 solid solution containing 55 per cent. nickel reacts
with liquid having 28.4 per cent. nickel to give another compound, NiAl3, at about 41-42 per cent.
nickel. The composition of this phase cannot be given more closely because the single phase alloy
proved very difficult to produce. 'The alloys in this region are not forgeable, and although some
were chill-cast in order to obtain a fine structure before reheating, traces of the compound Ni2Al3

persisted even after slow cooling past the peritectic temperature and annealing at 850° 0. for 4 days.
Theoretically, NiAl3 contains 42.06 per cent. nickel.

So far as could be judged from the traces of liquid present in quenched alloys, the solidus line falls
vertically from 854° to 539° C.

The composition (5.7 per cent. nickel) and temperature (539° C.) of the aluminium-NiAl3 eutectic
determined by Fink and Willey are incorporated in Fig, 1, Tho authors’ evidence is in agreement
with their results.

The Limit of Solid Solubility of the Various Phases

The  limits  of  the  different  phase  fields  were  determined from the  microscopic  examination  of
numerous slowly-cooled and- heat-treated specimens, cut, as before, from the cooling curve ingots,
The results obtained are indicated by a system of dots in Figs. 1 and 2.



The α Phase.

On very slow furnace cooling θ separated from alloys containing 92.5 and 90.6 per cent. nickel, in
the manner shown in Fig. 3. The 90 per cent. nickel alloy when quenched from 1340° C. or above
consisted of uniform α solid solution, some of the grains being twinned, while after annealing at
956° C. for 2 days it became duplex, as shown in Fig. 4. The alloy with 88.5 per cent. nickel when
quenched from 1340° or  1375° C.  did not  differ  in  appearance from the same alloy as slowly
cooled, except that the cellular structure (Fig. 6) was very much finer in the quenched specimen and
was only just resolvable into α and θ at a magnification of 500. Another feature of this fine duplex
structure is its extreme stability, for even prolonged soaking at high temperatures failed to produce
perceptible aggregation of the two constituents.

The evidence indicated that the solubility of aluminium in nickel decreases from 11 per cent. at
1385°C. to 6 per cent. at 980° C. and is not less than 5 per cent. at 700° C.

There is a slight increase of 0.3 per cent. in the solubility of nickel in Ni3Al between the eutectic
temperature and 1360°C., sufficient, as has already been stated, to cause the disappearance of all α
in  the  eutectic.  Below  1360°  C.  the  phase  boundary  appears  to  be  vertical  down  to  room
temperature, at a composition of 86.7 per cent, nickel.

On the other side of the phase field, the solubility of aluminium in Ni3Al shows a small increase, the
boundary line sloping uniformly from 86 per cont. nickel at 1395° C. to 84.5 per cent. nickel at
980° C. and thereafter becoming vertical.

The NiAl Phase.

When quenched or rapidly cooled from above 1150°C., alloys containing 80-86 per cent. nickel
exhibited a variety of suppressed structures, which changed with decrease of nickel content from a
form  having  parallel  markings  to  others  which  are  shown  in  Figs.  11  and  12.  Slow  cooling,
however, resulted in the separation of a considerable quantity of θ, so that the NiAl solid solution
lost its suppressed structure and appeared as shown in Fig. 10.

Since the suppressed structures disappeared with either a decrease of nickel content below 80 per
cent. or a decrease of quenching temperature below 1150°C., and, further, since alloys containing
65-80 per cent.  nickel were structureless and quite homogeneous at  all  temperatures below the
solidus,  it  was  concluded  that  the  suppressed  structures  were  associated  with  the  retention  on
quenching of θ in solution in the NiAl phase, and not with α eutectoid decomposition or phase
modification, such as may often be found in the β phases of other alloy systems, to which, in some
respects, NiAl bears a resemblance. (See sections, Preliminary Work, and Hardness Measurements.)
As already mentioned, thermal evidence of a considerable change in solid solubility between 1320°
and 1150° C. was given by the cooling curves,

The limit of the NiAl phase field at various temperatures is approximately: 83 per cent. nickel at
1395° C.; 82.8 per cent. nickel at 1300°C.; 80.6 per cent. nickel at 1150° C.; and 79.2 per cent.
nickel at 900° C.

Microscopic examination afforded no grounds for supposing that any appreciable change occurs in
the limits of solid solubility of the α, θ, and NiAl phases between 700° C. and room temperature.

The  determination  of  both  boundary  lines  of  the  two-phase  field  NiAl  +  Ni2Al3 proved  very
difficult. With decrease of nickel content from 68.5 to 56 per cent., the alloys change progressively
in colour  from a blue-grey to a pale  purple,  and unetched specimens failed to  show under the



microscope any difference in colour by which the two phases might be distinguished. The only
reagent to differentiate between NiAl and Ni2Al3 was a mixture of nitric and acetic acids in acetone,
which, after about 3 minutes, etched the boundaries of the constituents as shown in Fig. 13. It then
became possible to show that the boundary line of the NiAl phase falls uniformly from 61 per cent.
nickel at 1133° C. to 64.2 per cent. Ni at 850° C. and that the solubility of aluminium in NiAl then
remains unchanged down to room temperature.

The Ni2Al3 Phase.

The Ni2Al3 phase field has a uniform width and exists over the range 56-60 per cent. nickel, the
nickel-rich boundary falling vertically from 1133°C, and the aluminium-rich boundary from 854° C.

The NiAl3 Phase.

In view of the extreme difficulty experienced in trying to obtain the single-phase alloy, it, seems
reasonable to suppose that NiAl3 has a very limited capacity for dissolving either aluminium or
nickel.

The Aluminium-Rich Solid Solution.

No work has been done by the authors on the solubility of nickel in aluminium, but Fink and Willey
report that it decreases from 0.05 per cent. at the eutectic temperature to 0.002 per cent. at 450° C.

Hardness Measurements

Because of the pronounced hardness and toughness which characterize the nickel-rich alloys, and
the solid solubility changes which occur in them, it  was thought of interest  to carry out a few
hardness determinations. A Vickers Diamond Indenter was used, with a 50 kg. Load. The results are
given in Table III.

In the as-cooled alloys there is an increase in hardness with decrease of nickel content, from 101
V.P.N. for the 95 por cent. nickel alloy to 324 V.P.N. for the 85 per cent. nickel alloy.



When quenched from 1250°C., the 92.5 per cent. nickel alloy is softer than it is in the as-cooled
state, as might be expected since at the higher temperature it consists entirely of α solid solution.
Reheating for 17 hrs. at 690° C. followed by water quenching, leads to an increase in hardness,
since it permits the precipitation of θ from solution. This is likewise the cause of the slight increase
in hardness which occurs on reheating the 90 per cent. nickel alloy.

The changes in hardness which occur on heat-treating the 86.7 and 86.0 per cent, nickel alloys are
interesting, and, since there is no micrographic change, may be the result of a disorder to order
rearrangement of the atoms which takes place on reheating.

Hardness changes in the opposite direction are found in the alloys containing 85 and 83.5 per cent.
nickel, which, as-cooled, contain over 50 per cent. of NiAl solid solution bearing the suppressed
structure.  Maximum  hardness  is  developed  in  the  fully  quenched  specimens,  and  subsequent
reheating leads to a softening, as occurs in the suppressed β phase of the copper-aluminium system.

The 80 per cent. nickel alloy as quenched from 1250° C. shows little suppressed structure though
some separation of Ni3Al occurs on reheating to 690° C. accompanied by an increase in hardness
from 234 to 409 V.P.N.

In view of their marked heat-resistance and their maintained hardness at 700° C. (as evidenced by
the figures  in  col.  5,  Table III)  these alloys would appear  to  merit  farther  attention.  The alloy
containing 80 per cent. nickel and 20 per cent. aluminium has, in fact, been made the subject of a
patent4 on account of its high resistance to oxidation and scaling at elevated temperatures. Another
patent5 covers alloys containing 9-15 per cent. aluminium.

Conclusions

The work carried out on alloys containing up to 68.5 per cent. nickel supports the constitutional
diagram advanced by Gwyer, except that the phase called by him NiAl2 is suggested to be Ni2Al3.

A new phase, θ, having a narrow range of existence, has been found between the nickel-rich α solid
solution  and  the  NiAl  solid  solution  phase  fields.  It  has  a  face-centred  cubic  lattice,  with
superlattice, and probably corresponds to the intermetallic compound Ni3Al. This phase is formed
as the result of a peritectic reaction which occurs at 1395° C. between NiAl solid solution and liquid

The  nickel-rich  alloys  in  general  possess  considerable  heat-resistance  and  hardness,  the  latter
quality being capable of modification by heat-treatment.
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LATTICE STRUCTURE AND THE PHYSICAL PROPERTIES OF METALS.

Dr. W. H. Taylor, D.Sc.
(Cambridge University, Cavendish Laboratory)

(Report of a Meeting of the Birmingham Metallurgical Societies, held in the James Watt Institute,
Birmingham, on 4th January 1945.)

The mechanical and physical properties of a metal depend upon a large number of factors, some of
which,  such  as  grain  size  and  preferred  orientation,  may  be  regarded  as  associated  with  the
macroscopic  state  of  the  specimen,  while  others  depend directly  on  the  lattice-structure  of  the
individual crystal grains; this paper selects for discussion three examples of the second type, and
summarises the experimental data provided by recent researches. 

I. - The Hardness of Primary Solid Solutions.

An attempt has been made by Frye and his collaborators1-4  during the last three years to correlate
lattice  structure  with  hardness  measurements.  The  major  obstacles  encountered  arise  from the
notorious difficulty of considering hardness-measurements otherwise than as purely empirical data,
from the fact that most of the technically-important alloys have very complex microstructures, and
from the uncertainty as to the relative importance of lattice-properties in  relation to the plastic
deformation which occurs in all hardness tests. In an attempt to avoid these complications as far as
possible,  the  method  of  Meyer  analysis  has  been  used  to  express  the  results  of  hardness
measurements,  and  simple  primary  solid  solutions  have  been  examined,  containing  only  small
atomic percentages of solute; the researches are described by Frye and Hume-Rothery,1 Frye and
Caum,2 Frye, Caum and Treco3 and Frye and Sun.4

The alloys examined are solid solutions in Ag containing 2.5% and 5% (atomic) of Cd, In, Sn, Sb,
Te and Mg, Al, Zn, Au, and solid solutions in Cu containing up to 5% (atomic) of Zn, Ga, Ge, As.
All  the  alloys  have  the  face-centred  cubic  structure  of  the  solvent  (Ag  or  Cu),  and  X-ray
measurements give with high accuracy the change (∆a) in the length of the cubic cell edge (a) when
a few solute atoms replace solvent atoms at random in the structure. For these low concentrations of
solute atoms, the variation in ∆a with solute may be taken to represent (for any given atomic % of
solute) the magnitude of the local disturbance of the structure due to the presence of a “foreign’’
atom. It is in this sense that the term “lattice distortion” is to be interpreted when it is applied to the
measured change in parameter ∆a, which is compared with the observed values of Meyer hardness
Pa and ultimate Meyer hardness Pu, reduced to a standard grain-size.

The most significant conclusions drawn from the examination of the experimental data appear to be
the following:

(a) There is no direct correlation of Pu (or Pa) with ∆a, for various proportions of different
solutes in a given solvent.
(b) For a given atomic % of solute, there is a simple regular relationship between Pu and ∆a
for various solutes in the same group of the Periodic System as the solvent - e.g., Cd to Sb in
Ag,  Zn  to  As  in  Cu.  Within  the  limits  of  experimental  accuracy  attained,  the  relation
between Pu and (∆a)2  is linear for solutions in Ag; for solutions in Cu, the experimental
accuracy does not permit the precise form of the relationship between Pu and ∆a or (∆a)2 to
be determined.



(c) For a given atomic %, of solutes from different groups in the Periodic System (e.g., Cd,
Zn, Mg and Ag) there is no simple relationship between Pu and  ∆a, but there is a linear
relationship for various solutes from one group, different from that of the solvent, when Pu is
plotted against (∆a)2; for example, Mg and Al in Ag, although Al contracts the Ag lattice
while Mg expands it.

In the later papers of the series, some progress is made in an attempt to correlate rate of work-
hardening with solute concentration, and in a theoretical discussion of the experimental data.  It
seems clear, however, that the major interest of the work lies in the successful correlation of lattice
changes with hardness measurements, although the precise significance of the correlation remains
somewhat obscure even in the particularly simple alloy structures selected for the investigation,

II. - The Lattice Stress-Strain Curve.

The  processes  of  elastic  and  plastic  deformation  of  a  polycrystalline  specimen  of  a  metal  are
associated with reversible and irreversible changes in the crystal  grains,  and a large amount of
experimental data obtained by Wood and his collaborators at the National Physical Laboratory has
been interpreted in terms of a ‘‘fragmentation’’ effect which breaks down the (microscopic) grains
into ‘‘crystallites’’ when plastic deformation sets in after the yield point is passed. The degree of
fragmentation is measured by the line-broadening observed in back-reflection X-ray patterns, and it
appears that for any given metal there is a lower limiting crystallite size for any applied stress
however severe, (It is to be noted that in Part III. of this paper we shall consider to what extent
Wood is justified in interpreting the observed line-broadening as arising largely or entirely from
reduction in size of the single-crystal particles).

The above researches, though of the greatest interest and importance, deal with macroscopic rather
than lattice structures, and are therefore not our primary concern in this paper; but researches based
on. this earlier work, and correlating lattice-changes with external stress-strain relationships, have
been described in publications by Smith and Wood.5-9

An experimental technique has been devised which permits of the examination, by X-ray back-
reflection methods, of a metal specimen while it is actually undergoing a tensile or compressive
test, at any stage of the process or after unloading and reloading. In the case of Fe, low-carbon
steels, and Al, the line broadening under the most severe stresses is not so great as to prevent the
measurement of a change in lattice-spacing of ± 0.004%, and the data so far published are for these
materials.

For  a  mild  steel  (containing  0.1%  carbon)  the  following  changes  in  the  lattice-dimensions
accompany the application of progressively-increasing tensile stresses:

(a) Up to the yield stress, the lattice expands and contracts, along and at right angles to, the
external  applied  stress,  as  would be  expected  from the  changes  in  external  dimensions.
These lattice changes, like the external strains, are completely reversible.
(b) At the yield stress, a sudden permanent (irreversible) lattice change takes place which
opposes  the  elastic  change;  thus,  in  the  direction  of  external  contraction,  the  sudden
“permanent set” of the lattice at the yield point is an expansion of amount 0.03%.
(c) As plastic deformation of the specimen increases, the lattice dimensions under increasing
load remain practically unchanged, but the permanent set increases steadily and the elastic
range  (as  tested  by  unloading  and  reloading)  also  increases  up  to  the  maximum  load
previously attained.
(d) Along the direction of the external tensile stress the permanent set of the lattice is a
contraction, and at right-angles to the stress it is an expansion of magnitude one half that of
the longitudinal contraction; thus, the density remains unchanged, when permanent set is



produced as a consequence of internal stresses brought into existence by the application of
the external tensile stress.

The fundamental features of the new effect are contained in the above observations on a mild steel;
similar data are obtained for pure Fe and for Al, and supplementary information has been derived by
studies on the reduction in intensity which accompanies the line-broadening associated with plastic
deformation,  by  examination  of  the  effect  of  mild  heat-treatment  on  the  “permanent”  lattice
changes, and by tests with steels, containing different (small) percentages of carbon, of various
grain-sizes. 

No complete theoretical discussion of these lattice changes has appeared as yet, but it is clear that
the “strain-hardening” which accompanies plastic deformation (i.e., the increase in the elastic range,
beyond the normal yield point) is due to the fact that the permanent set of the lattice opposes the
elastic changes. Thus, for example, where atoms are forced closer together by the elastic changes,
the permanent set due to plastic deformation displaces them in such a direction that they start from
more widely-separated positions when stress is reapplied after removal of the load.

A hypothesis  which  accounts  for  many  details  of  the  experimental  observations  assumes  that
internal stresses originate in a disoriented crystallite boundary layer produced in each crystallite
(i.e., each fragment of the original grain) as a consequence of plastic deformation; the hypothesis is
perhaps not fully developed, but may serve as a guide to further experimental work.

III. - The Lattice in a Heavily-Worked Metal.

In a heavily-worked metal the degree of plastic deformation often far exceeds that imposed in (e.g.)
a tensile test to fracture. Preferred orientation of the grains or crystallites often confers directional
variation in the physical properties of the specimen, but we exclude this from consideration and
proceed to a discussion of the state of the lattice itself after severe plastic deformation.

The experimental fact which must be explained is that the lines of the X-ray diffraction pattern from
the heavily-worked polycrystalline metal are (for most metals) considerably broader than for the
unworked metal, the experimental conditions being the same in both cases. Various explanations
have  been  advanced,  and  we  examine  them  in  turn,  neglecting  the  historical  order  in  the
development of the subject; it will be seen that the problem is not yet definitely solved.

1. - Particle Size.

Appreciable  broadening  of  the  lines  is  produced  if  the  size  of  the  single  crystals  (grains  or
crystallites)  is  reduced  to  ~  10-5 cm.  or  less.  Various  formulӕ  have  been  derived,  connecting
(angular) line breadth β, glancing-angle of reflection θ, the wavelength λ and particle size t; the
relation

may be regarded as typical. The formulӕ express the physical fact that the resolving power of the
crystal  lattice  is  reduced  as  the  number  of  regularly-spaced  lattice-planes  in  the  single  crystal
becomes small.

A large volume of experimental data has been interpreted by Wood10 on the assumption that the
observed line-broadening is due, largely or entirely, to small particle-size. In particular, information
on  crystallite  formation  by  grain-fragmentation  during  plastic  deformation  is  obtained  from
observations on line-broadening.



Attempts have been made to confirm that this  interpretation of the observed line-broadening is
correct. The product β.cos θ should be constant for all the reflections in the X-ray pattern, for given
λ and t; but a direct test is difficult because where β is large, and so easily measured, θ is also large
and cosθ does not differ very much from cotθ, and as we shall see an alternative hypothesis predicts
that β.cotθ is constant; and for small θ, where there is no confusion between cosθ and cotθ, β itself
is so small that accurate measurement is impossible. Wood11 has therefore attempted to show that
for given θ, the quantity β/λ is constant when widely-different wavelengths (CoKα 1.8A., and MoKα

0.7A) are used for the same specimen; the striking difference in sharpness, for reflections of nearly
the same glancing angle θ, is at first sight very convincing, but Lipson and Stokes12 have shown that
further examination of the data is necessary before they can be accepted as definite confirmation of
the particle-size hypothesis.

2. - Distorted Crystal Grains.

A diffuse, broadened line will result if the metal specimen consists of crystals of size ~ 10 -4 cm, or
larger, each crystal having uniform lattice-dimensions, with slight variation in lattice-dimensions
from crystal to crystal.

Brindley13 has  interpreted  data  obtained  from  filed  metals  in  terms  of  this  kind  of  “lattice-
distortion,” which leads to a relation for line-breadth from which it may be deduced that the product
β.cotθ should be constant for all the reflections in a pattern. Brindley shows that his experimental
data are in agreement with this relation, but Stokes, Pascoe, and Lipson (1943)14 have shown that
for filed Cu the quantity β.cotθ, though much more nearly constant than β.cos θ, shows considerable
variations from reflection to reflection.

3. - Crystal Distortion.

The line-broadening is, on this hypothesis, a consequence of distortion of the lattice within the
individual single crystal (of size ~ 10-4 cm. or larger), which may show non-uniform expansions and
contractions, and twists and bends. The elastic properties of the lattice are clearly involved in this
type of distortion, and since even a cubic crystal is elastically anisotropic, the model is much more
complicated than the previous one. On the assumption that the plastic deformation produces internal
stresses which are independent of direction, the quantity E.β.cotθ should be constant for all the
reflections in a pattern instead of βcotθ in the hypothesis of distorted crystal grains. (E. is Young’s
Modulus).

Stokes, Pascoe, and Lipson (1943)14 in the research mentioned above, show that for filed Cu the
quantity  E.β.cotθ  is  in  fact  reasonably  constant.  Smith  and Stickley,15  in  experiments  on  cold-
worked tungsten and α-brass, also establish the importance of directional variation of the elastic
properties, and papers by Stokes and Wilson,16 and Megaw, Lipson, and Stokes,17 contribute new
theoretical and experimental data to a subject which is still in course of very active development.

References

1. Frye and Hume-Rothery , Proc. Roy. Soc., 1942, A 181, 1.
2. Frye and Caum, Trans. A.I.M.E., 1943, 152, 75.
3. Caum and Treco, Trans. A.I.M.E. 1943, 152, 83.
4. Frye and Sun , Metals Technology, 1944, 11, Pt. 3 for April, 1944.
5. Smith and Wood, Proc. Roy. Soc. 1941, A 178, 93.
6. Smith and Wood, Jour. Inst. Metals, 1941, 67, 315.
7. Smith and Wood, Proc. Roy. Soc., 1942, A 179, 450.



8. Smith and Wood, Proc. Roy. Soc., 1942, A 181, 72.
9. Smith and Wood, Proc. Roy. Soc., 1944, A 182, 404.
10. Wood, Proc. Phys. Soc., 1940, 52, 110.
11. Wood, Nature, 1943, 151, 585.
12. Lipson and Stokes, Nature, 19043, 152, 20.
13. Brindley, Proc. Phys. Soc., 1940, 52, 117.
14. Stokes, Pascoe, and Lipson, Nature, 1943, 151, 137.
15. Smith and Stickley, Phys. Rev., 1943, 64, 191.
16. Stokes and Wilson, Proc. Phys. Soc., 1944, 56, 174.
17. Megaw, Lipson, and Stokes, Nature, 1944, 154, 145.



THE RECRYSTALLISATION OF METALS. 

Professor Cecil H. Desch, F.R.S. 
University of Sheffield.

 (Read before the Society, November 19th, 1925.)
 
The word recrystallisation is sometimes loosely employed to describe two different processes which
metals undergo under certain conditions of working and heat-treatment, namely, the formation of
new crystals in a mass and the growth of existing crystals to a larger size. It is better to distinguish
the two processes clearly, as Prof. Carpenter has done in his important work on the subject, keeping
the name recrystallisation for the production of new crystals, at first of minute size, and calling the
subsequent changes “grain growth.’ The two are really independent, although they often occur as
two stages of one and the same change.

Recrystallisation followed by grain growth is observed after a change of phase, such as the passage
of α iron into the γ condition, and also after cold working followed by annealing. Grain growth
alone, without previous recrystallisation, may be observed in compressed powders, in electrolytic
deposits, and in the course of chemical change, as when one constituent of a solid solution is being
continuously removed by diffusion. In the first two instances it is not always possible to say that no
formation of new crystalline nuclei has occurred, as they may have been of very minute size, but in
other cases the growth of marked individual crystals may be followed from the beginning.

The refining of iron or of steel containing free ferrite by heating for a short time above its upper
critical point is the most familiar and the most striking example of the first class of recrystallisation
phenomena. However coarse the grain of iron or mild steel may have been rendered by treatment
within the α range, entirely new crystalline nuclei make their appearance immediately the metal is
heated above its point of transformation, and small grains are formed. This change takes place with
such ease that there must be great freedom of movement among the iron atoms in the space lattice at
the  moment of  transformation.  The second class  is  well  represented  by the  behaviour  of  cold-
worked_ 70:30 brass on annealing. The distortion of the original grains by drawing or rolling, the
appearance of new crystals, and the subsequent growth during annealing, as well as the changes of
mechanical properties which accompany the changes of structure have been studied in detail by
Charpy1, Mathewson and Philips2, Bassett and Davies3, and others. Most light has been thrown on
the process by the very careful investigations of Carpenter and Elam, and Adcock, referred to in
more detail later. Tungsten is another metal that has been much studied, on account of its technical
importance and of some seeming anomalies, and an exhaustive comparison between its behaviour
and that of other metals has been made by Zay Jeffries4. A complication is introduced by the fact,
now well established, that the largest grains are usually obtained when the deformation has a certain
critical value, and that there is not a simple relation between the amount of deformation and the ease
of formation of new grains This was first made clear by Sauveur5 and has been confirmed by many
others. The numerous “recrystallisation diagrams in three dimensions which have been published by
Czochralski6 and copied into text books fail to take account of this peculiarity and are therefore
incomplete. Another curious anomaly shown by thin sheets of electrolytic iron, the maximum grain
size in which is produced by different treatment from that which succeeds best with other varieties
of soft iron, as shown by Snead and Carpenter7.

The growth of large crystal grains during a chemical change in a solid solution may be illustrated by
the slow decarburisation of a mass of mild steel at a temperature just below its recalescence point.
The gradual removal of carbon by oxidation leads to the formation of large columnar crystals on the
outside, sharply bounded at their contact with the unchanged crystals of the core. Examples are
given by the present author8 and by Austin9, the latter referring to decarburisation by hydrogen. It is



probable that the structures observed in other alloys, in which very large grains are in immediate
contact with small grains, are sometimes produced by a similar cause.

The conversion of a mass of compressed powder into a homogeneous crystalline solid was first
studied in the case of tungsten. The metallic powder prepared by the reduction of the pure oxide is
first compressed and then heated to a suitable temperature for “sintering”. Which really consists in
the formation of new crystals. As these continue to grow, the metal becomes stronger and more
ductile. The same method is applied to other refractory metals. It had, however, been shown long
ago by Spring10 that ordinary metals might be made into a compact mass by pressure,  and the
technical production of metals and alloys, having a strength in the same order as the cast metal has
been found to be practicable. The process has been studied by Sauerwald11. It is evident that one is
here dealing with cold-worked materials,  which can recrystallise on being heated,  grain growth
setting in immediately and uniting the particles to form a compact mass. Films of oxide or other
impurity present an obstacle to growth and the success of the process is largely dependent on the
cleanliness of the materials used Extremely large grains have been produced in masses of tungsten
by this  method  and the  pressure  used  having to  be  varied  according  to  the  size  of  the  initial
particles.

The  recrystallisation  and  grain  growth  which  accompany  the  annealing  of  an  electrolytically
deposited  metal  are  instances  of  the  same  effect  of  deformation  or  strain.  It  is  known  that
electrolytic deposits are very commonly in a condition of internal strain. This is well known as a
direct experiment by depositing a layer of nickel on the outside of the bulb of a  thermometer,
previously lightly silvered. The rise in the column of mercury is a proof of the existence of tension
in the deposit. The peeling of deposits which causes so much trouble in the plating shop is another
evidence of the same fact. This internal strain is sufficient to account for recrystallisation when the
deposit is annealed. It appears that some metals, especially chromium, are at first deposited in a
very finely divided form, probably ultramicroscopic, and that this form differs sufficiently from the
ordinary massive metal to undergo recrystallisation on heating.

There has been much discussion as to whether grain growth ever occurs in cast metals which have
not been cold-worked. It is generally assumed that it does not. Tammann12 considers that metal is
not in equilibrium until the mass consists of only one crystal, and the absence of growth in practice
is due to the presence of intercrystalline films of impurity which obstruct growth. His confirmatory
experiments, however, were made with impure cadmium and other metals, and the comparatively
gross films which were observed are certainly not present in the metals which have been used by
other workers in their experiments. Gold, which is easily obtained in a highly purified state, does
not show grain growth in the absence of cold working13, and the conclusion is rendered the more
suitable treatment, and then again broken up into small grains by deformation and annealing at a
high  temperature,  the  grams  do  not  unite  to  form a  single  crystal,  although  there  can  be  no
obstructing film at their boundaries14. That grain growth has been observed in cast cadmium by
Greenwood15 need not surprise us, as this metal does not crystallise in the cubic system, so that it
has different coefficients of thermal expansion along its different axes. Stresses may therefore be set
up during cooling and may be sufficient to produce recrystallisation on further heating. We may
expect to find this effect in metals which depart from the regular system, and in greater degree as
the expansion along different axes is further from equality.  It  is  quite consistent with an entire
absence of growth in crystals which belong to the cubic system, as do most of the ductile metals.

The  investigations  on  this  subject  have  had  one  most  important  practical  result,  namely,  the
production of large singe crystals of several of the metals, suitable for mechanical and physical
tests. It has therefore become possible to determine the properties of crystals by tests on an adequate
scale and so to eliminate, for purposes of investigation, the factor of the crystal boundary. This has
proved  to  be  the  most  fertile  field  at  present  under  cultivation  in  the  region  of  metallurgical



research. While there are Several methods of obtaining large single crystals, that which depends on
grain growth in  worked and annealed aluminium, devised by Carpenter  and Elam, is  the most
interesting in the present connection. The same authors have found another very suitable material in
an alloy of tin with about 1.5 per cent of antimony16. This alloy has the advantage of exhibiting the 
boundaries of crystal grains after successive stages of annealing so that the process of growth may
be followed with greater ease than in any other alloy which has been used for the purpose. It has
been found that it is not necessarily the large grains which absorb the smaller, as has been supposed
by some metallurgists, and that new centres of crystallisation mostly make their appearance at the
grain boundaries. In all such investigations, it is unwise to conclude from the behaviour of a single
metal  that  all  metals  will  behave in  the same way, and the experiments of Adcock,  mentioned
below, show that cupro-nickel follows a different course, It is the work of Carpenter and Elam
which has put the study of this subject on a scientific footing.

When a mass of metal of considerable size, such as a test piece, is strained beyond its elastic limit,
the deformation is not equally distributed all over its  length but is localised along certain lines
which  bear  an  approximate  geometrical  relation  to  the  direction  of  stress.  These  lines  make
themselves evident by a ruffling of the surface,  by the cracking of superficial  scale,  or by less
obvious changes in the metal which are only revealed by subsequent chemical etching. They are
commonly known as Lüders’ lines and have been studied in detail by Hartman17 and by Osmond,
Frémont and Cartaud18.  They are independent  of  the crystal  structure and may be equally well
obtained in amorphous materials such as gelatin or glass. In a metal, of course, each such line is
made up of a large number of small crystalline deformations, and it is only the grouping of those
small slips which is independent of the nature at the material. A geometrical study shows that each
line represents a section of a plane which runs through the object, On a test piece of rectangular
section, such planes are so placed as to cut two of the surfaces at right angles to the direction of
application of the stress, and on the other two faces  to make an angle with that direction of about
60o varying somewhat from one metal to another, In a study of recrystallisation of cupro-nickel,
conducted by Adcock19 in the author's laboratory, it was found that this alloy had the useful property
of  giving perfectly  sharp etching patterns even after  most severe cold-working. In  view of the
statement  occasionally  made,  that  the crystalline  structure  of  a  highly  cold-worked metal  is  so
distorted that nothing can be revealed by etching20, this fact is important. It was found that each
crystal grain showed markings when etched, bearing somewhat the same relations to the length of
the crystal and to the direction of stress as Lüders’ lines, but on a much smaller scale. Some grains,
having a suitable orientation, only develop longitudinal markings. In the subsequent processes of
annealing new crystal centres make their appearance, not at the grain boundaries as in the cases of
aluminium and of the tin-antimony alloy, but on these micro-Lüders’ lines, and especially on those
which are inclined at an angle to the direction of stress. Those lines which are parallel with the
stress are the last to develop new crystals. Further investigation will be required to determine the
cause of these differences between different metals and alloys.

Several  hypotheses  have  been advanced to  account  for  recrystallisation  and grain  growth,  The
appearance of new crystals, at first of minute size, is best explained by Beilby’s assumption that
cold  working  produces  a  certain  proportion  of  amorphous  material  at  the  surfaces  of  greatest
deformation. New nuclei would make their appearance at such places, the new crystals being in
effect  formed in an undercooled liquid,  In  Adcock'’s  view,  the  bands which  appear  on etching
contain minute fragments of the older crystals, embedded in an amorphous layer. These fragments
would themselves serve as nuclei when favourable conditions for growth arose, On the other hand,
even if the bands did not contain fragments of pre-existing crystals, they would tend to precipitate
minute crystals on heating, the undercooled liquid being thermally unstable. The reasons for grain
growth are less easy to find. Even if we assume that a conglomerate of crystal grains is not stable,
and that stability is only reached when a mass of metal has passed into the condition of a single
crystal, it remains to be found why one grain grows at the expense of its neighbour. As large crystals



are known to grow at the expense of those which fall below a certain limiting size when in contact
with their vapour or with a saturated solution, and the thermodynamical explanation of that fact is
complete, it has been suggested21 that differences of vapour pressure are sufficient to account for
grain  growth,  The  minute  differences  are,  however,  quite  inadequate  to  produce  the  effect,
especially in metals of such low volatility as tungsten, in which grain growth is sometimes rapid,
and moreover it is established that it is by no means always the large grains which grow at the
expense of the small.  It has also been suggested by Evans22 and by Vogel23 that surface tension
determines growth, the regions of a grain where the boundary is concave always growing at the
expense of the convex parts of a neighbouring crystal. Here, again, it is not safe to draw conclusions
from observations on a single metal, as it is easy to find preparations in which the rule does not hold
with regularity, whilst the hypothesis would seem to call for the occurrence of grain growth in cast
or other metals whenever the form of the grains is such that the boundaries are strongly curved, and
such is not the case. It seems likely that the explanation must be sought in the intimate structure of
the space lattice. Tammann assumes that where two grains meet the conditions must be unstable
unless the planes of the two lattices are parallel, and that where there is any difference of orientation
recrystallisation must occur until the two grains become one. All failures to complete the process
are explained by the presence of intercrystalline films of impurities, as mentioned above. A critical
discussion of the existing hypotheses would occupy much space, and it is only possible to hint at the
present state of the controversy,
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SOME ASPECTS OF THE MODERN THEORY OF ALLOYS.

Dr. G. V. Raynor.
University of Oxford

(A Lecture to the Midland Metallurgical Societies at the James Watt Memorial Institute,
Birmingham, on 30th September 1943).

At the moment many of the workers previously engaged in theoretical metallurgical research are
preoccupied  with  war-time  problems,  and  progress  in  fundamental  metallurgy  is  somewhat
restricted. It may therefore not be inappropriate to review, at this stage, some of the general trends
which were evident before the war. In this review some of the results obtained at Oxford by Dr.
Hume-Rothery and his colleagues and in other research laboratories are briefly described, and the
theoretical interpretation to be put upon them is discussed.

The aims behind such work may not be immediately obvious, while the impractical nature of many
of the alloy systems studied has caused comment from time to time. To understand the aims of the
work, and the way in which it is tackled, it is necessary to appreciate that there has been, and to
some extent still is, a lack of liason between academic science and the metal industry, in contrast to
the intimate relations between academic chemistry and the chemical industry. Chemical industry
developed  as  a  large-scale  application  of  laboratory  processes  and  research  mainly  after  the
fundamental chemical principles were established. Metallurgical processes however have developed
largely in an empirical manner and the fundamental metal theory is only now being worked out.
Application of scientific methods and research has been comparatively recent and confined largely
to alloys of immediate practical importance. Such research, though invaluable in itself, has by its
very concentration on restricted fields tended to obscure general principles. For the working out of
generalisations a large amount of reliable data is needed, and this must include studies of alloy
systems of no immediate practical importance.

In the development of physical metallurgy, attention was directed firstly to the understanding of
individual equilibrium diagrams and the relationships between equilibrium diagrams and physical
properties.  With  the  application  of  X-rays  to  the  problem,  correlations  between different  alloy
systems  became  apparent.  These,  combined  with  the  clues  given  by  theoretical  work  on  the
structure of metals, made it possible to choose for investigation alloy systems which seemed most
likely to reveal general principles.

Once certain general principles are revealed, it becomes possible to choose alloy systems which will
bring out the effect of some one factor while keeping the interference of others at a minimum; in
this lies the further explanation of the type of work which has been carried out. The ultimate aim is
to put into the hands of the metallurgist such an appreciation of the factors affecting alloy formation
that he will be able, from a knowledge of the properties of the atoms of his constituent metals, to
forecast the properties of alloy materials, and to produce alloys of desired properties without a great
deal of empirical research.

Some general principles of wide application have already been revealed; one of the most important
deals with the relation between solid solution formation and the atomic sizes of the component
metals. Many metals give rise to primary solid solutions, that is, solid solutions which have the
same crystal structure as the solvent metal, with solute atoms distributed at random on the points of
the common crystal lattice (e.g., alpha brass, a solid solution of zinc in copper). In general, if the
diameters of the atoms of the solvent and solute metals differ by more than about 14 per cent of that
of  the  solvent,  solid  solution  formation  is  restricted  (unfavourable  size-factor).  If  the  atomic



diameters  are  within  this  limit,  wide  solutions  may  be  formed  (favourable  size-factor).  Solid
solutions  in  copper  and silver  show this  very  clearly;  the systems silver-cadmium and copper-
cadmium may be quoted as examples. Cadmium is in the zone of favourable size-factors for silver
and dissolves to a considerable extent (42.5 atomic per cent.). it is outside the favourable zone with
respect to copper and is only slightly soluble in copper (1.7 atomic per cent.). This principle applies
also to the alloys of iron, aluminium, and magnesium. The alloys with magnesium of aluminium,
gallium, indium and thallium form an interesting group. Indium and thallium, having favourable
size-factors with respect to magnesium, have high solubilities (19.4 atomic per cent. of indium at
the  peritectic  temperature  and  15.4  atomic  per  cent.  of  thallium  at  the  eutectic  temperature).
Aluminium, on the borderline of the favourable size-factor zone, only dissolves up to a maximum
of 11.6 atomic per cent. at the eutectic temperature, while gallium, with an unfavourable size-factor,
reaches  its  limit  at  3.14  atomic  per  cent.  An  unfavourable  size-factor  therefore  restricts  solid
solubility, but there are other factors which may operate in the same direction, so that it  by no
means follows that favourable size-factors always mean wide solubility ranges. As a preliminary
step, however, a consideration of atomic diameters will indicate whether a metal A is likely or not to
dissolve to any extent in a metal B.

It is necessary at this stage to enquire more closely into what is meant by the size of an atom. Since
an atom cannot be regarded simply as a hard sphere it is difficult to get a reliable measure of its
size. An atom, according to modern theories, has no sharp bounding surface, but may be regarded as
a positively charged nucleus embedded in a cloud of negative charge - the smoothed-out effect of
the negatively charged electrons. The atom of zinc, for example, has a positively charged nucleus,
of charge +80 units, surrounded by the negative charge of thirty electrons, of which the two which
normally  take  part  in  chemical  reactions  are  known  as  the  valency  or  conduction  electrons.
Removal of these two electrons leaves a zinc ion with a resultant charge of +2 units. In the metallic
state these conduction electrons are regarded as belonging to the metal us a whole, which is held
together by the attraction between these electrons and the positive ions they have left,  and the
repulsive forces between the positive ions. The metal is therefore in a balanced condition, and as a
first step we may take the closest distance of approach of the positive ions in metal crystals as a
measure of their effective atomic diameters in intermetallic systems. Figure 1 shows the marked
periodic  character  of  the  atomic  diameters  of  various  metals  when  plotted  against  the  atomic
number.

Solid solution formation may therefore be regarded as the substitution of the ion of a metal B on the
crystal  lattice of a metal A. If  the foreign atom is  not too different in size from that of A this



substitution may be easy. If, however, the sizes are widely different the strain involved in making
the  substitution  would  make  the  lattice  unstable  with  regard  to  some  other,  better  arranged,
structure.

This simple picture needs amplification in view of the fact that it is impossible to characterise the
size of an atom in a metallic structure by a single constant. When alloy formation takes place, the
possible accommodating factors have also to be considered. It may be possible for the foreign atom
to modify its surroundings or be modified by its surroundings, thereby securing a comfortable fit,
because the ionic atmosphere, or negatively charged sphere surrounding the nucleus, is not fixed in
space. It can he deformed by the charges due to other irons. The deformability of an ion depends on
various factors,  such as the nuclear charge, the effectiveness of the inner electrons of the ionic
atmosphere in screening this charge and the radius of the ionic atmosphere. An easily deformable
ion may be expected to fit on to a solvent lattice more readily than a less deformable one, while
metals with the most strongly deforming ions tend to be the best solvents. These ideas have led to a
considerable  extension  of  the  simple  size-factor  principle.  Much  may  also  be  learnt  from
considering  the  ionic  sizes  of  the  elements,  because  these  give  a  measure  of  the  relatively
incompressible  cores  of  the  elements,  shorn  of  their  valency  electrons.  Pauling,  working  from
theoretical principles, has derived a series of so-called ‘‘univalent - ionic radii” which are based on
accurate standard crystallographic measurements of the radii of alkali and halogen ions in salts.
These are intended to represent the extension in space of ions, bearing various charges, under the
action  of  a  constant  attractive  force  equal  to  the  force  which  attracts  a  univalent  cation  to  a
univalent  anion.  If  these ionic radii  are  compared with the corresponding interatomic distances
(Figure 2) it is seen that metals fall very broadly into two classes - those like copper, silver, gold
and. iron (full metals), where the ions are only slightly smaller than the atoms, and those like the
alkali metals (open metals) where the ions are relatively small. The properties of the open metals
are  controlled  essentially  by  the  valency  electrons,  while  repulsive  forces  between  ions  are
important for full metals.

 

The  idea  of  ionic  radii  has  enabled  certain  difficulties  in  applying  ordinary  size-factor
considerations  to  be  resolved.  For  instance,  although  the  size-factor  of  silver  with  respect  to
beryllium is  very unfavourable,  beryllium will  dissolve appreciable  amounts  of silver.  This,  an
anomaly on the simple size-factor view, may be regarded as due to the fact that beryllium has a very
small ion, and hence a large amount of extra-ionic space. It is therefore possible to fit a large silver
ion into the structure without too great an overlapping of ionic atmospheres.



In discussing problems of solid solubility therefore it is necessary to consider, in addition to the
atomic diameters of the component metals, the relations between the ionic and atomic sizes, and the
deforming powers and deformabilities of the ions. We can then predict in a general way what metals
are likely to form solid solutions, and, if we wished to build up a complex homogeneous alloy, we
could decide at once what possibilities to reject. Since, where solid solution is restricted by size
considerations, the solubility falls markedly with falling temperature, size-factor studies may also
give information about the best combinations to use for age hardening alloys.

Even where size-factors are favourable the extent of the solid solution may be effected by other
influences, one of the most important of which is stable compound formation. Certain intermetallic
compounds,  such  as  Mg2Si  and  Mg3Sb2,  show  the  normal  valencies  of  the  elements,  and  in
properties and crystal structure tend to resemble salt-like compounds. They are formed when the
electrochemical  natures  of  the  component  metals  differ  considerably.  Magnesium,  which  is  an
electropositive  metal,  forms  intermetallic  compounds  of  the  type  Mg2X  with  the  more
electronegative elements silicon, germanium, tin, and lead, of which silicon is the most, and lead the
least,  electronegative.  The most stable compound is  therefore formed with silicon and the least
stable with lead, the melting points being as follows:

Similarly, since antimony is more electronegative than bismuth, the compound Me3Sb2 is higher
melting than the compound Mg3Bi2,. Compounds of this. type are formed at the expense of the solid
solution  and  therefore  tend  to  restrict  solid  solution  formation  even  where  size-factors  are
favourable. Here again solubilities tend to fall with falling temperature, so that further clues are
given with regard to suitable combinations for age-hardening properties.

Equilibrium relations in alloy systems containing a stable compound may often be interpreted on
simple  thermodynamical  principles.  As  an  example  of  this  we  may  quote  the  aluminium-rich
aluminium-magnesium-silicon alloys in which Mg2Si occurs. If the compound exists as a definite
molecular species in the liquid, we have an equilibrium of the type:

for which we may write (neglecting activity coefficient considerations):

where the square brackets denote ‘‘active masses’’ and K is a constant. At a liquidus isothermal.
[Mg2Si] is  constant,  and so [Mg]2.[Si]  is  constant.  For any isothermal  therefore the plot of the
logarithm of the atomic percentage of magnesium against the logarithm of the atomic percentage of
silicon should be a straight line of slope 2:1. If liquidus isothermals for the separation of Mg 2Si
from aluminium-magnesium-silicon alloys are plotted in this way, a straight line of the required
slope is in fact obtained, except at high silicon and magnesium contents. Similar considerations
apply to solid solubility isothermals. In general, if the solid solubilities can be represented by such
a relation as [A]x. [B]y = K, it is also found that:

where Q is analogous to a heat value. The interest of this lies in the fact that, having established the
form of the solubility isothermal at two convenient temperatures, the constant Q may be calculated



and used to calculate solid solubility values al other temperatures at which experimental difficulties
may exist.

Another most important factor affecting the structure of alloys is the electronic or valency factor.
Surveys of the data confirm that wide solid solutions are formed when two metals of favourable
size-factor with respect to each other have the same valency; ease of replacement on a common
lattice is  favoured by a similar electronic ‘‘make-up.’’ Familiar examples are the systems KRb,
AgAu, MgCd, AsSb and NiPd, where continuous solid solutions are formed. Where the valencies
are unequal interesting general tendencies are found. In the first place a metal of low valency is
more likely to dissolve one of the higher valency than the reverse. Although the univalent metals
silver and gold can dissolve appreciable quantities of magnesium, magnesium as a divalent solvent
can only dissolve less than 0.2 atomic per cent. of gold and 3.9 atomic per cent. of silver. Solid
solution formation is therefore not necessarily reciprocal.

Other general tendencies are best studied with a univalent solvent and solutes of the same period of
the  periodic  table;  choosing  the  solutes  in  this  way  keeps  the  size  factor  under  control,  and
minimises the electrochemical complication, while the solutes increase in valency in steps of unity.
The general effect of increasing the valency of the solute is then seen to be a steeper fall in the
liquidus and solidus curves and a more restricted solid solubility. This is shown clearly in the binary
alloys of silver with cadmium, indium, tin and antimony, and of copper with zinc, gallium and
germanium, (Figure 3). The degree of inequality of valency determines the freezing range and gives
us distinct hints as to what to use or avoid if we want a particular sort of freezing range.



The quantitative aspects of these phenomena are of great interest.  If the liquidus curves for the
silver and copper alloys mentioned above are plotted in terms, not of atomic percentages, but of
atomic percentages multiplied by valency (the so-called equivalent composition) these curves are
nearly superimposed except at high concentrations (Figure 4). There is therefore a possibility of
developing a theory of liquidus curves for ternary or more complex alloys. For instance,  if the
equivalent  liquidus  curve,  that  is,  the  superposition  curve,  has  been  determined  for  copper  as
solvent, the freezing point of an alloy of composition 6 atomic per cent. of zinc and 2 atomic per
cent. of gallium may be read off the curve, since it will have an equivalent composition
of (6 x 2) +(2x 3) or 18.

For solidus curves approximate superposition is, obtained by plotting the melting point against the
atomic composition multiplied by (valency)2.  Here again it  is possible to calculate approximate
melting points for ternary or more complex alloys, (Figure 5).

Further information is given by considering solubility limits in copper and silver as solvents for
elements which follow them in their respective periods of the periodic table. The solubilities are
plotted  in  terms  of  electron  concentration.  By  electron  concentration  is  meant  the  number  of
valency electrons per atom in the structure. For instance, solution of zinc in copper increases the
number of electrons per atom; since copper is univalent and zinc divalent an alloy with, say, 8
atomic per cent. of zinc would have an electron concentration of 1.08. Figure 6 shows that in nearly
all cases the solubility stops short at about 1.4 electrons per atom. The ideal solubility values are
thus of the order of 40 per cent. for a divalent solute, 20 per cent for a three valent solute, and 13
per cent. for a four valent solute, the exact values depending on the size-factor, lattice distortion,
and the nature of the second phase with which the primary solid solution is in equilibrium.

An example of the way in which all these factors are interwoven Is given by comparing the solid
solubilities of cadmium, indium, tin and antimony in silver and copper, respectively. In the case of
silver, the maximum solubilities are approximately 42.5 for cadmium, 20 for indium, 12.2 for tin,
and  7  for  antimony.  These  figures,  denoting  atomic  percentages,  are  thus  normal.  For  copper,
cadmium has an unfavourable size-factor and is soluble only up to 1.7 per cent. In spite of the fact
that the size-factors of the remaining elements become less favourable, their solubilities in copper
approach nearer and nearer to the ideal values, reaching 11 atomic per cent. for indium, 9.3 atomic
per cent. for tin, and 5.6 atomic per cent. for antimony. This behaviour may be understood when we
consider that although the atomic diameters increase on passing from cadmium to antimony, the
ions become progressively smaller, so that at each step it becomes easier to fit the ions on to the
parent copper lattice.



The  importance  of  electron  concentration  is  shown  up  even  more  clearly  when  we  consider
intermediate phases in copper, silver and other alloys. It is now well known that phases with the
characteristic crystal structure of gamma-brass occur at such compositions in different alloy systems
as to maintain an electron concentration of 21/13. The brass phase has the composition Cu5Zn8, and
corresponding with this in crystal structure and electron concentration are Cu5Cd8, Cu9Al4,, Cu31$n8,
and  the  particularly  interesting  one  Na31Pb8.  Alloys  with  transitional  metals  on  the  average
contribute no electrons to the structure; Fe5Zn21 and Ni5Zn21 are examples of such phases with the
gamma-brass  structure.  Similarly,  structurally  analogous close-packed hexagonal  phases  tend to
occur at an electron concentration of 7/4, while the familiar body-centred cubic beta-phases such as
CuZn, Cu3Al, Cu5Sn and FeAl (iron again having an effective valency of zero) occur at an electron
concentration  of  3/2,  Where  size-factors  are  not  too  unfavourable,  therefore,  the  number  of
electrons per atom in the structure, or more strictly the number of electrons per unit cell of the
structure, essentially controls the structure of the’ alloy.

The fundamental reasons for this important effect of the electron concentration can be interpreted
along the lines of the electron theory of metals. Although the theory is complex it is possible to
describe it in general and very much simplified terms. Consider again the modern idea of the nature
of a metal. The framework is formed by the massive positive ions of the element; each positive ion
repels its neighbours, and the ions take up regular positions in space. In the spaces between the ions
are the negative valency electrons, and the whole assembly is held together by the attractive forces
between the positive ions and the negative electrons. These electrons are free to move through the
framework or crystal lattice, as is shown by the conduction of electricity by metals. These almost
free electrons are subject, in their passage through the lattice, to the potential fields of the positive
ions, and these are periodic with the period of the lattice. This has an important bearing on the



behaviour  of the electrons,  and to understand something of this  it  is  necessary to consider  the
energies of electrons in a metal.

In the free atom the electrons occupy discrete energy levels. When free atoms are brought together
to form a metal, each energy level for the free atom broadens out into a band of allowed energy
levels for the crystalline solid (Figure 7).

The breadth of this band along the energy scale depends only on the distance apart of the atoms and
not  on  the  size  of  the  metal  crystal  made by bringing them together.  The number  of  possible
electron energy states per unit energy range within the band does, however, increase with the size of
the crystal, that is, with the number of atoms comprising the crystal.  The more atoms there are
present,  the more electrons have to be fitted into states contained within the band. For a metal
crystal the number of atoms is so enormous that the energy states within a band are extremely close
together. For our purpose they may be regarded as forming a continuum; we may look upon the
energies  of  the  electrons  as  being  able  to  increase  continuously  from  the  energy  value
corresponding to the bottom of the band to that of the most energetic electron present.

According to de Broglie, the behaviour of a free electron may be represented by assigning to it a
wavelength L, where L is equal to h/mv; m and v are respectively the mass and velocity of the
electron  and  h  is  Planck’s  constant.  This  idea  is  confirmed  by  the  characteristic  diffraction
phenomena made use of in electron diffraction work, in which a stream of electrons of a given
energy impinging on a crystal is reflected by crystalline planes in a manner similar to the reflection
of X-rays. The reflection is governed by Bragg’s Law, L=-2dSinθ, where d is the spacing between
reflecting planes and θ is the angle between the incident ray and the reflecting planes. Reflections
only occur when this law is satisfied. Exactly the same sort of phenomenon occurs for electrons
which are inside the metal the conduction electrons of the metal itself, if the values of L and the
angle of incidence are correct. For a given direction in the crystal, therefore, there will be a value of
L for which total reflection occurs, and this is a value which no electron which is to be free to move
through the lattice may possess. Although total reflection only occurs at particular values of L there
is strong partial reflection for values near to the critical ones, and the energies of electrons with
values  of  L  near  to  the  critical  values  are  considerably  modified.  These  effects  are  usually
considered in terms of the wave-number k, which is the number of waves per unit length or 1/L. If
this is plotted against E, the energy of the electron, the resulting curve for a given direction is of the
form of Figure 8. 



The chief feature is that there is an energy discontinuity at the critical value of k. This means that an
electron with k just below the critical value cannot be excited to the value of k just above the critical
value unless it suddenly acquires a somewhat prohibitive energy increase to enable it to jump the
gap.

The case of a hypothetical two-dimensional metal with a square structure of cell-spacing a may now
be considered. We may represent the energy conditions of the electrons by taking as co-ordinates at.
right angles the quantities kx and ky, representing wave-numbers in the x and y directions of our
two-dimensional metal. The resulting area defined by our axes of reference is called k-space. It is a
purely mathematical conception and has no direct connection with real space.  Since the critical
value of k occurs when L=2dsinθ, energy discontinuities occur when k=1/2dsinθ. Applying this
relation for lines of atoms of spacing a, the critical values of k may be represented by lines in k-
space, which are parallel to the lines of atoms considered and distant 1/2a perpendicularly from the
origin. There are therefore four lines of energy discontinuity in k-space, and the energies of the
electrons  are  confined  to  definite  zones  in  k-space.  Figure  9  shows  the  first  zone  for  the
hypothetical square metal. There will be a second zone outside this one, corresponding to reflection
of electrons by diagonal lines of atoms of interline spacing a/√2. This zone is bounded by four lines
in k-space running parallel to the diagonal lines of atoms, at a perpendicular distance of a/√2 from
the origin. An electron cannot pass from a state in which its energy is represented by a point in the
first  zone to a  state  in which its  energy is  represented by a point  in the second zone unless it
somehow acquires enough energy to surmount the energy gap between them. In Figure 9 the circles
represent lines of equal energy, so that if we started with the zone empty and then added electrons of
gradually increasing energy, the process would be represented by an expanding circle in k-space,
inside which were the filled states, while the empty states would lie outside the circle. For a three-
dimensional  case,  as  for  example  a  simple  cubic  structure,  it  is  only necessary  to  add a  third
rectangular co-ordinate in order to obtain a three-dimensional k-space. The corresponding first zone
s then a square volume bounded by planes of energy discontinuity parallel to the (100) planes in the
crystal, and at a perpendicular distance of 1/2a from the origin. Contours of equal energy are now
the surfaces of spheres, and the process of filling up the zone with electrons may be represented by
an expanding sphere with its centre at the origin of k-space. These zones, which are called Brillouin
Zones, are therefore bounded by planes of energy discontinuity whose dispositions are governed
essentially by the crystal structure of the particular crystal under consideration.

One of the crystal structures in which we are interested is the face-centred cubic crystal structure -
that of the primary solid solutions in silver and copper,  which can dissolve elements of higher
valency up to  a limit  of 1.4 electrons per atom. The Brillouin Zone for the face-centred cubic
structure is shown in Figure 10 and is bounded by planes parallel to the (200) and (111) planes in
the crystal. 



 

The perpendicular distance of these planes from the origin is respectively 1/a and √3/2a, where a
is the lattice spacing. It can be shown that the number of electron states per atom which this zone
can contain is two. Since silver and copper are univalent, the corresponding Brillouin Zones must
be only half full. If now a metal of higher valency is dissolved in copper or silver the number of
electrons per atom increases. The spherical volume inside the Brillouin Zone which represents the
occupied levels must therefore expand.

This expansion can take place easily until the sphere touches a set of bounding planes of the zone;
in the case under consideration the first set which the expanding sphere would meet would be the
sloping  (111)  planes.  After  this  stage  more  electrons  could  only  be  added  if  their  energies
corresponded to points in k-space in the neighbourhood of the corners of the zone; the expanding
sphere cannot pass across the bounding plane. The corners of the zone, however, correspond with
regions of high energy value, and rather than submitting to an increase in the electronic energy to
this level, we should expect the structure to become unstable with regard to some other structure
with a Brillouin Zone capable of accommodating the same number of electrons in states of lower
energy. Thus, in the particular case of the copper and, silver alloys, we expect our alpha-phase to



become unstable with regard to the beta-phase approximately when the expanding sphere touches
the (111) planes of the zone. When this occurs the radius of the sphere is clearly /3/2a, so that the
volume is π√3/2a3. Since the volume of the whole zone is 4/a3, the sphere occupies π√3/8 of the
total volume, and since the whole zone contains two electrons per atom, the sphere must correspond
with π√3/4 electrons per atom, or 1.36. On theoretical grounds therefore the alpha-phase may be
expected to become unstable when the. number of electrons per atom reaches 1.86. The agreement
with the experimental value of 1.4 is very striking. Similar arguments for the gamma-brass structure
and the beta-phase structure lead to the values of 20/13 and 1.48 respectively, again in agreement
with the experimental work. The theory therefore interprets. the experimental data very well.

The  above  brief  description  shows  how  the  electron  theory  of  metals  may  be  applied  to
metallurgical  problems.  The  general  idea  with  regard  to  alloy  formation  may  perhaps  be
conveniently summed up by saying that an alloy will in general, if there are alternative structures
available, tend to assume the one which gives it the most chance of accommodating all its valency
electrons in states of low energy.

The Brillouin Zone theory can give a great deal of valuable information - not only about solid
solution formation, but also about such properties as electrical conductivity, X-ray emission, optical
properties,  lattice  spacing  variations,  and  many  other  problems.  A  knowledge  of  the  zone
characteristics of metals and alloys is becoming more and more necessary for understanding what is
happening as we learn more and more about the behaviour of metallic systems.

Given a knowledge of the atomic diameters of the metals, their ionic radii, their electrochemical
characteristics, their deforming powers and deformabilities, their electronic structures and the way
these are modified into bands in the crystal, it may be said that we are progressing towards the stage
at which it may be possible to predict what sort of an alloy will be formed by certain combinations
of metals, without spending a long time on empirical research.

There is still much work to be done; one of the major problems which need investigation is the
relation of general mechanical properties to fundamental properties of the type described in this
review. Apart from that, perhaps the most fruitful field will prove to be the examination of the
interplay of the many factors involved in alloy formation by careful examination of suitable ternary
systems.
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WHAT IS A METAL?

 A.H. Cottrell B.Sc. Ph.D.

(Lecture to the Midlands Metallurgical Societies, held in the James Watt Institute, Birmingham, 22nd

November 1945)

Definition of the Problem

A chemist would probably regard the question “What is a metal”? as fairly simple. In reply he
would first of all show us the Periodic Table of the elements and point out those elements that have
been classified as metals in terms of their chemical properties. He would then describe to us the
structure of the atoms of these elements and emphasise the peculiarities of their atomic structures
which  distinguish  them from other  elements.  Next,  he  would  show  us  how this  characteristic
structure causes metals to behave in an equally characteristic way in chemical reactions, and he
would finally conclude b defining a metal as an element whose atoms possessed this unique feature
in their structure.

This is all very well as far as it goes, but it is not much use to the metallurgist. The chemist quite
naturally  thinks  of  the  properties  of  a  substance  in  terms  of  the  properties  of  its  atoms  as
individuals, for it is in this way, i.e., in a test tube, that he makes his observations. The metallurgist
sees things quite differently. To him the word “copper” brings to mind an ingot of the metal in a
mould, not a solution of copper sulphate in a test tube. Thus, when a metallurgist asks himself what
a metal is, what he is really after is what makes a block of copper or iron different from a block of,
say, salt,sugar or wood. He is concerned with the collective behaviour of a large group of atoms, not
with their individual behaviour. In other words, the question for the metallurgist is “What is the
nature of the metallic state?” and this is what I propose to deal with tonight.

I  have emphasised this difference between metallic atoms and metallic solids,  because it  is the
essential first step if we are going to have a clear picture of the problem. The theory of metallic
solids, in bare outline, makes little or no reference to to the structure of the individual metallic
atoms., and it is only when we want to explain the detailed differences between one metal and
another  that  we  have  to  make  extensive  use  of  atomic  structure.  This  difference  between  the
individual and collective behaviour of atoms leads also to an apparent lack of connection between
them in many cases. A good example is the substance, tine, which exists in two forms in the solid
state. One of these,  white tin, is typically metallic, while the other,  grey tin, is non-metallic. The
same atoms are there in both cases, but they form two entirely different types of solid.

Properties of the Metallic State.

If we are to attempt the explanation of the metallic state, we must look for our next main clues in
the characteristic properties of metallic solids. What property, or properties distinguish metals most
clearly from non-metals? We cannot consider crystal structure for there is no difference here that we
can point to with confidence. Mechanical properties do not help us. Metallic crystals are softer than
diamond crystals but harder than those of paraffin wax. Similar results apply to the case of plasticity
of crystals. Thermal properties, such as specific heat, melting point, etc., do not distinguish between
metals and other solids, but suggest rather that metals lie in the middle of things.

It is when we come to the conduction of heat and electricity that we find a marked separation of
metals from other solids. The differences are really enormous, as the figures in Table I show.



These  figures  show  clearly  the  direction  which  we  must  take  -  that  of  explaining  the  high
conductivity of metals relative to other materials. Evidently when we can do this with complete
satisfaction, we shall really have completed our problem.

We may note here that metals also differ widely from non-metals in their optical properties.
Metals are remarkably good reflectors of light and very opaque. Light is, however, electro-magnetic
in nature, and these optical properties thus represent a particular aspect of the electrical properties of
metals. We shall not discuss them further but concentrate on explaining high conductivity.

The Free Electron Idea

The first clue to the nature of the metallic state comes from the great ease with which an electric
current passes through the metal. Now the passage of electrical current, in any medium whatsoever,
means that a stream of charged particles is moving through it. Also, for a current to pass easily
through a dense medium like a metal, the particles must be extremely small and mobile. This line of
argument leads naturally to the idea that the current in metals is carried by electrons. Electrons are
the lightest of all material particles, they are extremely small even compared with the size of atoms,
and they each carry a unit negative charge.

We can see now how the  Free Electron Theory was developed. This theory was created at  the
beginning of the century by Drude1 and Lorentz2 and the idea simply was that a piece of metal
contained free electrons, that is electrons which are not attached to any particular atom in the metal
but are free to drift around at random inside the metal as a whole. In other words, it was supposed
that the whole of the metal was permeated by a gas or cloud of the electrons. As these electrons are
negatively charged then under the effect of an electrical field, they would be attracted to the positive
end of the metal and would stream towards it thus constituting the flow of a current through the
metal. Although we cannot go into details here, we may also note that this theory of free electrons
was also able to explain the conductivity of and the optical properties of metals.

As practical metallurgists it is natural to ask for the experimental evidence for free electrons in
metals. This was first provided by some intriguing experiments of Tolman and Stewart3 in 1916-17.
They arranged for a coil of wire to be rotated at very high speed while connected to a galvanometer.
The coil was suddenly brought to a standstill, the idea being that if free electrons were present the
inertia  would  carry  them forward  and so  cause  a  sudden  flow of  current.  This  was  so,  and a
galvanometer  deflection  was  obtained  indicating  a  pulse  of  current.  To  prove  that  these  free
particles were actually  electrons,  measurements  of  the current  pulse and the coil  velocity  were
made. This enabled them to determine the ratio of electric charge to mass for the particles involved
and  it  was  found  to  be  the  ration  that  is  known to  be  possessed  by  electrons.  We thus  have
convincing proof of the existence of free electrons in metals.



Having satisfied ourselves about its basic idea, our next aim is to refine the free electron theory. As
it stands, it is unsatisfactory in that the presence of free electrons is an assumption not a theoretical
deduction from the structure of metals. Moreover, we have quite arbitrarily confined our idea of free
electrons to metals only. We really have no right to make these assumptions. For our theory to be
completely  satisfying  we  must  be  able  to  deduce  these  properties  from  known  properties  of
electrons and atoms. We have three questions to answer:

1. Where do the free electrons come from?
2. Why are these electrons free to move through the material?
3. Why are these electronic properties confined to metallic materials?

Before we can attempt these questions, we must digress a little to consider the nature and
behaviour of electrons, and this leads us inevitably into the subject of wave mechanics or quantum
mechanics.

Wave Mechanics of an Electron.

Wave mechanics, despite its name, is the family of physical theory which deals with the motion of
particles. These particles may be electrons, atoms or even billiard balls; their motions are all subject
to the laws of wave mechanics. There has been much confusing discussion about wave mechanics,
which causes it to be regarded suspiciously or with apprehension by those who have not studied the
subject. Actually, it is just a solidly built, comprehensive theory, founded on experimental facts and
tested and proved satisfactory by a large number of critical experiments. There, as a theory, wave
mechanics is in far better shape than, say, our own theories of work hardening or age hardening.

Ordinary classical mechanics or the ‘mechanics of billiard balls’ is a simplified approximation to
wave mechanics. It is successful when applied to large scale phenomena, such as the collision of
billiard balls, but gives wrong results when applied to small scale happenings, such as the motion of
electrons. Wave mechanics successfully covers the whole field of phenomena, and when dealing
with large scale phenomena the wave mechanics results  become the same as those of classical
mechanics.

Wave mechanics  is  regarded as  a  difficult  subject;  apart  from purely mathematical  difficulties,
which will  not  concern us here,  the trouble is  due entirely to  the depth to  which the ideas  of
classical mechanics have become engrained in our mental outlook. If we were trained right from the
beginning on wave mechanical ideas, then I think that they would seem natural enough.

A fundamental idea in the theory is that of uncertainty or indeterminacy. It can be shown that there
is a definite limit to the precision with which we can determine the motion, i.e., the position and
velocity of a particle. This effect applies to all particles but becomes more serious the smaller is the
particle. We find in fact that it is wholly insignificant for heavy particles like billiard balls, but is
very  important  for  electrons,  since  these  are  small  and  light.  This  uncertainty  is  rather  like
experimental error but is much more fundamental and must not be confused with the latter. It is the
expression of an inherent looseness or inexactness in the character of natural events and we simply
have to accept it as a basic fact.

If we cannot have exact knowledge of, say, the momentum and position of an electron, it looks as if
our progress in this direction has come to a full stop. However, this is not so, for we find that we
can work out a complete and exact set of laws of motion which can handle all the problems that
concern us, provided we deal in terms of  probability.  It is found that, although in any particular
problem we cannot give an exact figure for the velocity and position of an electron, we can give an
exact figure for the probability that it has a certain velocity and is in a certain position.



The difference between the classical and new outlook can be illustrated in the following diagram
(Fig.1)

Here we have an electron E moving along the line AB, and we wish to express the
position of that electron on that line at any instant. We can do this by drawing probability curves, as
shown. The convention is that a probability of 1 expresses certainty of the electron being at that
position, and a probability of 0, a certainty of the electron being not there but somewhere else along
the  line.  Intermediate  values  measure  intermediate  chances.  The  upper  diagram  expresses  the
classical mechanical picture, and it defines the position perfectly at E. The lower probability curve
gives the wave mechanical interpretation. Here we note that no electron is most likely to be at E, but
also stands a fair chance of being somewhere else along the line. Similar probability curves can be
plotted for  the speed of  the electron and also for  the characteristics  of its  motion in  the other
dimensions of space.

When we come to analyse these probability curves, we find that a probability curve is built up from
a number of more elementary curves. These elementary curves have a wave form, and this is where
the name wave mechanics comes from. These wave curves are subject to exact mathematical laws,
and it is the general problem of wave mechanics to use these laws to explain the behaviour of
electrons  under  any given set  of  circumstances  in  terms  of  these  elementary  wave curves.  We
cannot enter into the complicated mathematical details and will merely need two important results:

(1) The momentum or velocity of an electron is related to the wavelength of the elementary
curves

λ = h/p
where λ is the wavelength, p is the momentum and h is Planck’s constant.
(2) The position of an electron is  related to the amplitude of the curves.  The larger the
amplitude at  any point,  the greater is  the probability  of an electron at  that  point.  If  the
amplitude falls to zero, then there are no electrons at that place. If we are dealing with a
swarm of electrons, then we can work out how many there are in any given region (i.e.,
work out the electron density) in terms of the amplitude.

Experimental support for this wave theory of matter has been extensive and has come from many
directions. One result which has some practical interest for metallurgists, and which we shall need
in our discussion of metals, is the phenomenon of electron diffraction.  If we set  up a beam of
electrons,  travelling  with  suitable  velocities,  and direct  it  onto  a  crystal  at  a  suitable  angle  of
incidence, we find that the electrons impinging on the crystal are rejected from it and are reflected
from the crystal planes at certain well-defined angles. This effect is analogous to X-ray diffraction



and we find that by using a value of the electron beam wavelength given by the formula λ = h/p,
then this electron diffraction obeys Bragg’s Law for X-ray diffraction. Actually, there is a slight
complication due to refraction at the crystal surface, but it is of no significance here.

There are two points I would like to emphasise in connection with electron diffraction: -
(1) The demonstration of the wavelike behaviour of the electrons is direct experimental support
for the wave theory
(2) That electrons having certain directions of motion and certain velocities cannot stay in a
crystal but are rejected from it in the form of diffracted beams. These critical conditions are
defined by Bragg’s Law of reflection. This point will become important when we come to
analyse the behaviour of free electrons in metals.

It is of interest to note in passing that diffraction effects have been experimentally demonstrated for
other  particles  and  even  beams  of  atoms  impinging  on  crystals  with  suitable  velocities  and
directions of motion. The experimental support for the wave theory of matter is thus not limited to
electrons.

Origin of Free Electrons in Solids.

We are now in a position to attack the first two of out problems: Where do the free electrons come
from, and why are they free to move about? What we have to consider here in point of fact is what
happens to atoms when we bring them together to form a solid. The general picture of a single
isolated atom as a solar system in miniature is now well known; at the centre we have a nucleus,
very small but very heavy compared with electrons, and carrying a positive charge. Round this
nucleus swarm electrons, there being sufficient of them to make the atom as a whole electrically
neutral. These electrons are prevented from flying off the atom by their electrostatic attraction to the
nucleus, or expressed in the language of atomic physics, they are constrained to a region of low
potential energy round the nucleus. Some of the electrons are very tightly held by the nucleus and
move very close to it, while others are more free and move in paths well-spaced from the nucleus.
The outermost electrons of all, which are the one with the best chance of escaping from the atom
are called the valency electrons. Lt us now consider what happens to these electrons when atoms lie
close together in a solid.

Here we have to make use of a somewhat remarkable effect predicted first by wave mechanics and
subsequently  confirmed  experimentally,  known  as  the  “tunnel  effect”.  Consider  a  billiard  ball
rolling along a table towards a small hill shown in Fig.2.

If the ball rolls slowly i.e. its kinetic energy of motion is small, then it will not climb the barrier. It
is rolls quickly, however, it will have sufficient kinetic energy to carry it over the barrier and on to
the other side. Expressed in terms of classical mechanics we should say that the ball had to cross
over a barrier of potential energy of width D and height H, and that no ball whose initial kinetic
energy was less than the potential energy height of the barrier could cross.



When the problem is studied in wave mechanics, however, a remarkabe conclusion is arrived at. A
particle has a definite chance of crossing a potential barrier even when its initial kinetic energy is
less than the potential energy height of the barrier. It is as if the particle were able, by some means
to tunnel through the barrier; hence the name “tunnel effect”.

As always in wave mechanics the modification of classical mechanics is only important for small
particles like electrons. I can assure you that there is no chance of a billiard ball tunnelling through
the cushion and on to the floor.

Another characteristic of the effect is that the tunnelling of electrons only occurs extensively when
the barrier is very lo and very narrow, i.e., when H and D are small.

Calculation shows that this state of occurs when atoms are close together in solids. Under these
circumstances the outer valence electrons are no longer forced to stay with their parent atoms, for
these electrons can easily tunnel through the narrow potential barriers from one atom tothe next.
This gives us the answer to our first two questions. In all solids, the valency electrons break away
from their parent atoms, and wander about freely among the atoms, tunnelling from one to the next.
Thus, there are free electrons in all solids, metallic or otherwise.

We must notice the emphasis on the fact that this occurs in all solids; there is no limitation to
metals. This brings us face to face with the third question – why is it that in some cases these free
electrons can be used for conduction, whereas in other cases they cannot be so used? To solve this
we shall have to dig more deeply into the electronic structure of solids.

Energy Bands in Crystals.

Although the valency electrons in all solids are perfectly free to wander about anywhere inside
them, the motion of these electrons is subjected to some restrictions. In particular, they are not free
to choose any velocity or energy of movement that they like but are definitely restricted to certain
values. The allowed states of motion are known as quantum states and the corresponding values of
energy of the electrons are known as energy levels or quantum levels.

It would take too long here to explain why the electrons are forced to behave in this way, but we
may observe that the effect is immediately connected with the wavelike
 behaviour of the electrons. An exactly analogous effect occurs in other wave phenomena. Thus, in
the case of sound waves, we get similar effects with say, an organ pipe, or a vibrating string f any
musical instrument. We know that with an organ pipe we cannot get any pitch of note we like, but
only notes of certain frequencies, known as the fundamental note and the overtones, or harmonies.
Due to the wave nature of sound, we cannot get any frequency or wavelength out of our instrument
and we are restricted to certain definite values or states of vibration. In just the same way, we can
only have certain definite values for the frequency or wave lengths of the elementary wave curves
associated with the electrons. We have seen that the wavelength is connected with the momentum
(or velocity) of an electron; this therefore means that an electron cannot have any value of velocity
but only certain discrete, allowed values. The energy of an electron is closely related to its velocity
or momentum, so that the energy also follows these restriction laws.

There is  a useful and conventional way of representing the motion restrictions for electrons in
solids, by means of an energy level diagram, as shown in diagram A, Fig.3. In this we plot energy
vertically  and  mark  off  the  allowed  quantum  levels  by  a  set  of  horizontal  lines,  each  one
representing a particular energy level.

When constructing this diagram, we have forgotten to allow for the effect of electron diffraction,
i.e., that certain directions of motion and wavelength are not allowed. Since electrons which satisfy



Bragg’s Law cannot enter a crystal but are rejected from it in the form of reflected beams, it is
evident that none of the free electrons inside the crystal can have these directions of motion and
wavelengths.  Thus,  we have  some further  restrictions  to  apply  to  the  electronic  motion.  What
happens is that we have to strike out from the energy level diagram those energy levels which
correspond to the Bragg reflection conditions. When this is done, we find that the energy level
diagram is broken up into a set of bands containing permissible quantum levels and alternating with
bands of forbidden energies (diagram B).

This  state  of  affairs  applies  to  any  one  direction  of  motion  through  the  crystal.  For  different
directions the crystal plane spacings are different and this means that the the forbidden energy bands
occur at different positions in the energy level diagram. Thus, we have a separate band diagram for
each direction of motion through the crystal. If we add these energy bands diagrams together, we
sometimes get different allowed bands overlapping, as in diagram C and sometimes they remain
non-overlapping as in diagram B. Calculation shows that this overlapping of energy levels occurs
readily with crystals of metallic atoms but does not occur with non-metals.

When presented in a slightly different way, these energy bands turn out to be Brillouin zones that
have come into prominence recently in connection with the structure of alloys. WE may note here
that  the  theory  of  energy bands in  solids  does  not  rest  upon the  somewhat  sketchy arguments
presented above but  has  been developed in  detailed mathematical  analysis  of  the  behaviour  of
electrons  in  crystals,  using  wav  mechanical  methods.  Furthermore,  the  theory  receives  strong
experimental  support.  Recent  work by Skinner4  has made it  possible to determine these energy
levels by direct experiment and also to determine how the levels are occupied by electrons. The
results agree well with the theory.



Conductivity. - Metals and Non-Metals.

It must be emphasised that these quantum restrictions do not concern the position of an electron in a
crystal – it is free to wander anywhere – they only concern the energy or momentum the electron
may possess.

So far, we have been concerned only with finding the permissible quantum levels available to the
electrons. We have not considered which of these levels are actually chosen by the electrons, and
we must now take up this point, for there are far more levels than electrons. On general grounds we
might think that all the electrons would crowd into the quantum level with the lowest energy, but
this is not so.

The key to the problem is provided by a rule known at the Exclusion Principle, which says that not
more than two electrons may occupy a single quantum level in the crystal. As a result of this, we
find that if there are 2N free electrons in the solid, then the N quantum levels of lowest energy are
occupied with two electrons in each.. The position may be compared with that in a skyscraper block
of flats in which all the tenants want to live as close to the ground floor as possible, but the landlord
will not allow more than two people to each flat.

When  we  fill  up  the  quantum  levels  of  the  energy  bands  with  electrons,  we  find  that  two
possibilities turn up:

(1) The solid contains no partially filled bands.
(2) The solid contains partially filled bands.

The first possibility occurs when the arrangement is as in diagram A of the following Figure
4.:

In this type of arrangement, the bands are non-overlapping even when the allowance is made for the
motion in all directions in the crystal. Also, the number of electrons is just right for filling the first
band completely and for leaving the higher bands completely empty.

Partly filled bands occur in one or other of two ways. The first is when the number of electrons is
too small or too large to fill some bands completely and leave the rest completely empty, as in
diagram B. The second possibility occurs when the bands overlap, as shown in diagram C. In this



case, whatever the number of electrons, no band can be completely filled without putting some
electrons in the next higher band.
We can now turn to the final stage of our enquiry. What happens when we subject solids, with or
without partly filled bands, to an electric field? Do they both carry electric currents or not?

Before we apply the field, the electrons are moving in all directions in the crystal, and there
is  no  net  current  flowing.  To  obtain  a  current  there  must  be  a  uniform drift  of  the  electrons
superimposed on the random motion. This is similar to a current of gas. Gas molecules are moving
about randomly but in addition they have a superimposed uniform motion along the stream. To
superimpose this extra motion on the electrons they have to be given more energy, that is they have
to be raised into a higher energy level.

In the case of partly filled bands this is easy for there are empty levels in the same band as the filled
levels, and within easy reach of the electrons in that band. The number of quantum levels in a single
band is very large and in many cases, it is equal to the number of atoms in the crystal. Hence the
empty levels lie very close to the top of the filled levels and only a small electric field is required to
lift some of the electrons up the small energy step into the unoccupied levels.

We see therefore that when the free electrons occupy partly filled bands, they can easily produce an
electric current under an applied field. Thus, substances of this type will be good conductors, or, in
other words, will be metals.

In the case of completely filled bands, the only way to give the electrons extra energy is to lift them
right  across  the forbidden energy band into the next  allowed band.  Compared with the energy
distance between adjacent levels within an allowed band, the energy gap across a forbidden band is
enormous.  Calculations show that extremely high voltages would be needed to get electrons to
climb up such an energy step. In such cases small voltages will not cause any current to flow, even
though the whole substance contains free electrons. Solids of this type will therefore be insulators or
non-metals.

We thus arrive at the following answer to our question.  A metallic solid is one in which occupied
and empty quantum levels occur in the same band.

Having seen how to explain the difference between metals and non-metals in terms of the electron
band structure, it would be interesting now to explain why certain solids like copper and iron etc.
are metals and others are non-metals. This is another story, however, and would take a whole lecture
to deal with adequately. The trouble is that, to a large extent, each substance has to be considered
individually. There are, however, one or two general remarks which are of interest. For crystals of a
simple structure, such as the body-centred or face-centred cubic types, found in many metals, each
allowed band will hold two electrons for each atom in the crystal. Consequently, those elements
which  have  an  odd  number  of  valency  electrons  per  atom,  and  form  in  these  simple  crystal
structures must have one band which is half filled with electrons. Hence crystals of elements such
as copper (1), silver (1), gold (1) and aluminium (3) must be metals.

For the other metallic elements, the explanation is not so easy, but rests on the fact that when the
number of valency electrons in the atom is small, the bands tend to overlap. Where this occurs,
these substances form metals whatever the number of electrons. This accounts for substances like
zinc, magnesium and calcium. With heavy atoms such as lead or transition metals, such as iron or
nickel, the electronic structure is so complicated that the energy levels invariably overlap, so that
we get a large number of metals amongst the heavy atoms.



Much as I would like to go on, I shall have to leave the subject at this stage of a rather sketchy
presentation. There are many interesting aspects which could be discussed, and I have had to keep
to the barest outline of the theory in order to attempt the main question - “What is a Metal?”
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THE NEXT STAGES IN THE ELECTRON THEORY OF METALS

Professor G. V. Raynor, F.R.S.

(Lecture delivered to The Birmingham Metallurgical Society, October 3rd, 1963).

As you will know, this is your Diamond Jubilee Year, which is a matter for sincere congratulation.
Your lecturer, however, feels that it is a profound pity that you were not founded some twenty years
earlier. Had I been asked to talk on my present subject in the Diamond Jubilee year as it would then
have been, I would have been able to present a much more confident picture, and a much more
definite prognosis. As it is, my talk will have to include an element of doubt and sorrow, and of
uncharacteristic hesitancy, for in the last  twenty years the general picture has been complicated
rather than clarified, and it is increasingly difficult to see precisely where we are heading. It seems
that what is really required is a new concept or two, and I must emphasize that much of what I shall
say tonight will represent a personal viewpoint, not necessarily widely endorsed, with regard to the
lines along which we might, or ought, to be thinking, now and in the near future. As metallurgists,
what  we  are  really  interested  in  is  the  application  of  theoretical  ideas  to  alloy  formation  and
properties, particularly in the case of materials of present and future technological importance, and I
shall give weight to this aspect. The topic is a very comprehensive one, and you will, I hope, excuse
me if what I can say in one evening is incomplete, qualitative, superficial, and personal.

It  is  advisable  at  this  stage  to  look back a  little  into  past  history,  to  provide  a  foundation  for
development. Much has been written about the basic concepts of electron theory (1,2,3,4) and you will
be familiar with these; emphasis has been given, in the metallurgical literature, to the collective
electron treatments, but I now wish to emphasize that electron theory includes the consideration of
the sharing of electrons to form bonds between atoms of a covalent type, and indeed it is this type of
approach to which we shall have to give some attention later.

You will all be familiar with the classification of electrons in free atoms into quantum groups. The
free atom of copper, for example, contains electrons in four quantum groups. The group of lowest
energy has the main quantum number n = 1, and a second quantum number, l, which is associated
with the angular momentum of the electron. This group can contain two electrons only, which differ
in the sign of their spin quantum number and can be considered as spinning in opposite directions.
The next  group has  n = 2 and l= 0 and 1 and can  contain eight  electrons;  the  third group is
characterised  by  n= 3  and l=  0,  1  and 2,  and  contains  eighteen  electrons.  These  three  groups
together account for 28 of the 29 electrons required to balance the positive nuclear charge of 29
units, and the remaining electron enters the fourth quantum shell with l = 0. Electrons in quantum
sub-groups for which l = 0,1 and 2 are referred to respectively as s, p and d electrons and I shall use
this notation tonight. The electronic structure of the copper atom may be summarized as follows:
where the numbers in brackets
are the main quantum numbers
and the superscript numerals represent the number of electrons in each sub-group. The (4s)1 electron
is easily ionized and is the valency electron; the remainder are associated with the ion.

When copper atoms are brought together to form an aggregate,  then the familiar picture of the
metallic structure so formed is one in which copper ions are arranged on a three dimensional face-
centred cubic framework, while the 4s electrons occupy a whole series of very narrowly separated
energy levels, two at a time, the energies of which lie in an energy band of finite width. They are
considered as belonging to the structure as a whole, and to be free to move under the influence of
externally applied potential fields. The situation may be roughly pictured as in Figure 1, where the
left-hand diagram shows the narrowly separated energy levels within a band, and the right
hand diagram illustrates filling of levels, from the bottom upwards, with two electrons each. 



The theory indicates, however, that, for a given direction of the wave vector in the wave motion
representing the electron, the band of energies available to the valency electrons is not continuous,
but is sub-divided into allowable and forbidden ranges, as illustrated in Figure 2; this is brought
about by the fact that the potential field in which the electrons move is periodic with the period of
the lattice. 

When all directions are considered, it is usually found that in the case of metals the allowed energy
ranges overlap, in the sense that the lowest energy in the second range is lower than the highest
energy in the first; this is illustrated in Figure 3, in which the electron levels within the lower range
are said to belong to the first Brillouin Zone and those in the upper range to the second Brillouin
Zone.  For  the  simple  metallic  structures,  the  zones  can  accommodate  a  number  of  electrons
equivalent to 2 per atom, and the requirements for metallic behaviour are either that the first zone is
incompletely  filled,  or  that  electrons  overlap  into  higher  zones.  In  both  cases,  this  distribution
results in the existence of energy levels of energy higher than that of the most energetic electron
present, to which electrons may be accelerated on the application of potential fields. This model has
been very successful in interpreting the properties of metals, such as electrical conductivity, the
differences between insulators and conductors, diamagnetic susceptibility, and optical properties;
for elements with a limited number of valency electrons outside an ion with complete quantum
groups of electrons, such as the alkali metals, the model also forms the basis of the well-known
cellular method for calculating the cohesive energies of metals,(5) and for more recent developments
in the mathematical treatment of the problem. Briefly, the method consists firstly of calculation of
the field, due to the ion cores, in which the valency electrons move, and this is the most difficult
part  of  the  operation,  subject  to  considerable  inaccuracy  which  is  gradually  being  reduced  as
computational techniques improve. By solving the wave-mechanical equation relating the value of
the  wave function  ψ,  the  square  of  which  is  a  measure  of  electron  density,  distance  from the



nucleus, potential energy of the electron, and its kinetic energy, it is possible to calculate the energy
corresponding  to  the  bottom of  the  energy  band  within  which  the  valency  electron  levels  are
accommodated. It is also possible to calculate the mean energy of the electrons within this band,
again by methods which are still increasing in accuracy and power. The sum of these two energies is
the heat of sublimation of the metal, and for metals like the alkali metals, and for copper and silver,
the results obtained agree well with experiment. In cases where the number of valency electrons
increases, however,  additional difficulties arise.  It  is easy to forecast,  however,  that in the near
future, great progress will be made in extending this type of calculation to polyvalent elements, and
in going back over earlier calculations with more modern methods of computation, so that it will be
not  surprising  to  find,  in  the  future,  accurate  agreement  between theory  and practice  for  such
properties  as  cohesive  energy  for  certain  classes  of  material.  Difficulties  arise,  however,  in
attempting to deal with transition metals, which are of the highest technological importance, and
ideas on the electronic structures of these need clarification before a great deal pf progress can be
expected.

Turning now to the implications of the collective electron theory with regard to alloying problems,
we are faced with one of the most interesting dilemmas in metallurgical history. For the discussion
of this we need to recollect that there is a relationship between the momentum of the electron (mv)
and the wavelength (λ) of the wave motion representing it, such that λ = h/mv, where h is Planck’s
constant. This enables a convenient description of the momentum in terms of the wave-number,
k(=1/λ) which is a vector quantity and equal to mv/h; the kinetic energy (E) of the electron is easily
seen to be h2k2/2m. The relationship between k and E is as shown in Figure 4 for a given direction
of  k,  and  the  energy  gap  representing  energies  which  the  valency  electrons  cannot  possess
correspond  to  the  forbidden  ranges  in  Figure  2.  To  obtain  analogous  information  in  three
dimensions it is usual to make use of k-space, in which cartesian co-ordinates are used to define kx,
ky and kz (Figure 5). The point P then represents an electron with wave vector k and energy h2k2/2m.
The critical values of k, for all directions, at which energy discontinuities occur define a series of
intersecting planes in k-space, which give rise to the polyhedron known as the first Brillouin Zone.
That for the face-centred cubic structure is shown in Figure 6. Since the initial portion of the curve
of k against E, before the point of inflexion, is virtually independent of direction, an electron of
given energy can be represented, within this range, by any point on the surface of a sphere with its
centre at the origin of k-space. This-sphere is known as the Fermi sphere. 



For a given direction, the k/E curve bends upwards as the critical value of k is approached; this
means  that  surfaces  of  constant  energy  in  k-space  must  bulge  out  towards  planes  of  energy
discontinuity  in  k-space.  The Fermi  surface  is  therefore  no  longer  spherical,  so  that  the  curve
against energy of the density of electronic states within the first Brillouin zone takes the form of
Figure 7, in which the area under the curve represents, for the face-centred and body centred cubic
structures, just 2 electrons per atom. 

For a metal like copper, therefore, with one electron per atom, the first Brillouin zone is only half
filled, and it would be expected, from the considerations outlined above, that the Fermi surface
corresponding to one electron per atom would be spherical and well-removed from the bounding



planes of the zone. Under these conditions there is no objection to the addition of electrons to the
structure by alloying with, say, zinc until the point A in Figure 7 is reached. Thereafter, since the
curve is falling, addition of a few electrons brings about a marked increase in energy, so that the
structure would. be expected to become unstable with regard to possible alternatives. This is the
basis of the Jones theory of alloy phases (6), which can be roughly and inadequately summarized. by
saying that phases corresponding to contact of the Fermi surface with the zone walls are stable but
become unstable at higher electron concentrations. This was a very neat and tidy explanation of the
stability of electron compounds at specific electron: atom ratios, and particularly of the fact that the
face-centred cubic structure could survive, on alloying with B sub-group elements, to an electron
concentration of 1.4; the extra 0.4 electron corresponded to the expansion of a spherical Fermi
surface into contact with the bounding planes of the zone. Although lrom the beginning there were
certain physical objections to the details of this theory it formed the basis of metallurgical thinking
about alloy formation for a long time, surviving Friedel’s demonstration of the existence of bound
states (7) and some other vicissitudes. More recently, however, a much more serious blow had been
struck at it by experimental researches which have harnessed magnetic and electrical measurement
to give information about the probable shapes of the Fermi surfaces in metals. For instance, in many
metallic materials, at very low temperatures in the liquid helium range, it is found that the magnetic
susceptibility has an oscillatory relationship to the strength of the magnetic field (Figure 8). 

This is known as the de Haas-van Alphen effect, and though it cannot. be discussed in detail here,
gives information about the cross-sectional area of the Fermi surface of the experimental material at
right angles to the direction of the field (Figure 9). 

Further, again with very high-quality single crystals and low temperatures, it is possible from a
study  of  the  surface  resistance  of  the  specimen  in  high  frequency  electric  fields  to  obtain
information about the radius of curvature of the Fermi surface in various directions (Figure 10).
From sufficiently  detailed  experiments  of  this  type,  a  reasonably  comprehensive  picture  of  the
Fermi surface may be built up, and one result is of particular importance. The work of Pippard
shows convincingly that for copper, the Fermi surface is not, as was suggested above, spherical and
well removed from the zone walls, but heavily distorted and making contact with the hexagonal



faces of the zone shown Figure 6. If the zone faces are already touched, the Jones theory which
requires contact only after the addition of more electrons per atom by alloying becomes, on the face
of it, untenable. 

Various  attempts  have  been made at  salvage,  the most  important  being  that  due to  Cohen and
Heine). In effect, they suggest that though in pure copper at one electron per atom the Fermi surface
touches  the  bounding planes  of  the  zone,  the  effect  of  alloying may well  be,  by  effecting  the
magnitudes of the energy gaps, to make the Fermi surface more spherical so that the first additions
of electrons cause it to pull away from the walls of the zone, while subsequent additions expand the
Fermi volume as a whole, until it touches the zone walls as in the original Jones's theory. This is a
very ingenious idea, but it open to certain objections; the really important feature, however, is the
recognition that the form of the density of states curve is not rigidly fixed, corresponding with that
of the solvent, but may be altered by alloying. This is a feature which must surely be examined in
the next stages of development, and I expect a great deal of thought and work on this. At the same
time, improvements in computational and mathematical techniques have made it possible to assess
the shapes of the Fermi surfaces  of  pure metals  with some accuracy,  as  in  the recent  work of
Falicov(9) on magnesium; this type of work must be pressed, in order to compare with the results of
experimental determinations. It is important to realize that the latter require single crystals of high
quality, and low temperatures, conditions which are designed to ensure long mean free paths for the
conduction electrons. These conditions cannot be met in alloys, where scattering is caused by the
impurity centres, so that it does not seem that progress with alloy structures is immediately likely,
unless the known interaction between electrons and high frequency acoustic waves can be exploited
for this purpose.

The stage reached in theoretical and experimental work on electrons in the simpler metals makes
the previously accepted Jones's theory of alloying doubtful. At the same time, the dependence of
electron compound compositions and structures on electron: atom ratios is so clear cut that it can
hardly be fortuitous, and in the next stage of development a satisfactory explanation must continue
to be looked for.

One of the drawbacks of the collective electron theory is that it has little to say about the crystal
structures adopted by metals and alloys; in general, the calculations which are carried out assume
the crystal structure. Also, the theory does not appear to be sufficient to interpret adequately the
cohesive  energies  and  some other  properties,  notably  the  alloying  properties,  of  the  important
transition metals of the fourth to the eight periods of the periodic table. Consideration of the crystal
structures  of  solids  directs  attention  to  the  formation  of  interactions  between atoms which  are
directional in nature, and hence to the possibility of the formation of bonds akin to covalent bonds,
where electrons are shared between atoms. The classical example of covalent bond formation is that
of  diamond,  where each carbon atom has  4 valency electrons  and completes  a  stable  octet  by
sharing these with four neighbouring atoms. The four valency electrons in the free carbon atom are
in the configuration (2s)2 (2p)2. The electron cloud associated with the s state is spherical about the
nucleus, but the electron cloud associated with the p states has directional properties; the problem of



the tetrahedral bonding in diamond is solved by “hybridising” the s and the three p levels or orbitals
to  form  four  equivalent  new  orbitals,  each  of  which  contains  one  electron,  and  which  are
tetrahedrally directed in space. These may then link up with similarly tetrahedrally directed orbitals
belonging to other atoms. The process may be qualitatively described in terms of the overlapping of
the  electron  clouds  appropriate  to  the  hybridized  orbitals  of  neighbouring  atoms;  the  electrons
originally belonging to the individual orbitals are shared in the overlap region. From the comparison
of cohesive energy and interatomic distance, the bonding in metallic substances appears similar to
that in covalent compounds, and the suggestion of Pauling  (10) that metals could be interpreted in
terms of covalent bonding is now familiar. One of the basic elements of this concept is that the
strength of the bonding in elements belonging to the first half of a long series in the periodic table
increases on passing from group I to group VI (e.g., Potassium to Chromium) and then remains
roughly constant for the transition metals of Group VIII (e.g., iron, cobalt and nickel), falling again
for the elements which follow in the second half  of the period.  This, and other considerations,
suggests that the maximum number of electrons concerned in bonding in this series of metals is six.
In the Pauling treatment, it is assumed that one s, three p and five d orbitals are hybridized in the
sense outlined above (sp3d5 hybridization), giving a possible total of nine orbitals which may be
occupied by electrons. Titanium for example would be regarded as using four of these, vanadium
five, and so on. For the transition metals of group VIII further assumptions are required, in that it is
necessary to confine certain of the total of nine orbitals to the atom, in the sense that they cannot
take part in bonding, in order to make the scheme consistent with the magnetic properties of the
ferromagnetic metals. Although this raises points of great interest, we shall concentrate here on the
idea that the bonding in metals is essentially covalent. Clearly, since, for example, a lithium atom
has only one bonding electron, but, in the solid state, eight near neighbours, each with one bonding
electron, it cannot form eight bonds in which two electrons are shared. We may, however, regard the
central atom as forming one 2-electron bond with one neighbour, which alters its position to link the
central atom and other near neighbours very. rapidly, so that the bonds “resonate” from position to
position, binding the whole structure together., Further, if this resonance is unsynchronized, a given
atom may have at a given instance two bonds linking it to the other atoms, and thus acquires a
negative charge, which itself is mobile throughout the lattice, giving rise to electrical conductivity.
The resonating covalent 2-electron bond may alternatively be regarded as equivalent to  several
(depending on the crystal structure) electron-deficient bonds. The importance of this line of thinking
is that it introduces the ideas of covalent linking, of resonance of bonds, and of electron deficient
bonds. Detailed application of the theory mainly involves a rationalization of interatomic distances
in metals and metallic intermediate phases, but, since the orbitals considered are all equivalent and
are used in the bonding of materials of different crystal structure, the theory is of little help in
understanding the reason for differences in crystal structure of the metallic elements. The general
idea can, however, be developed when it is realized that the sp3d5 hybridization assumed by Pauling
is  not  the  only  possibility.  Other  possibilities  have  been  considered  by Altmann,  Coulson  and
Hume-Rothery(11), and this work is important in giving rise to suggestions with regard to the reason
why quite similar elements choose different schemes of close-packing, i.e. the face-centred cubic
and close-packed hexagonal structures. In considering hybridization, the mathematical operation
consists in combining wave functions appropriate to the energy states in the free atom to define new
ones. Thus, combination of a spherically symmetrical s orbital  with an unsymmetrical p orbital
gives rise to a new orbital for which the corresponding electron cloud is unsymmetrical (Figure
11a). This orbital will give rise to strong bonding of a markedly directional character. On the other
hand, combination of an s orbital and a symmetrical d orbital will give rise to a symmetrical hybrid,
which is equivalent to de-localization of the electron (Figure 11b), and it is the latter type which
would be expected to be important in metals. It is possible to suggest appropriate hybridization
schemes  which  would  be  consistent  with  the  common  metallic  structures;  for  instance,  the
hybridization sd3

provides  four  equivalent  tetrahedrally  directed  orbitals  which,  since  they  are  symmetrical  as
illustrated in Figure 11b, suffice to link a central atom with eight others (assuming



electron deficient bonds) as required for the body-centred cubic structure. 

The hybridization d4 would also be suitable, while d3 bonding is probably involved between the
central atom and its six next nearest neighbours. For the body-centred cubic structure, therefore, the
suggested bonding may be written (sd3)m(d4)n(d3)q where the superscript letters m, n and q denote the
(unknown) weights  to  be attached to  each possibility.  The possibilities  may be  summarized  as
follows:

These  hybridizations
clearly correspond with different contributions from the d orbitals. In a face-centred cubic structure,
the weight of the d orbitals is 0.5. For the body-centred cubic case, the weight of the d orbitals is
unity if m = n = 0 or m = q= 0, and ¾ if n = q = 0, expressing the weight as 3m + 4n + 3q/4m + 4n +
3q. The close-packed hexagonal case corresponds to a d weight of ⅔ to 5/6, so that the d contribution
is  least  for  the  face-centred  cubic  structure,  and,  on  the  average  lower  for  the  close-packed
hexagonal than for the body-centred cubic structure. This conclusion is consistent with the sequence
of structures in the long periods of the periodic table. Near the beginning of each period, the energy
of the d states in the free atoms lies considerably above that of the s state of quantum number one
unit higher. At the end of the period this situation is reversed. Since hybridization is favoured by
small energy differences between the orbitals concerned, it will take place most readily somewhere
in the middle of the period. We thus expect the d contribution to be at a minimum for the early
elements such as calcium and strontium, and the face-centred cubic structure is observed. Passing
along to Group IIIA (scandium, yttrium), the d shell of electrons in the free atom begins to be
occupied;  there  can  thus  be  increasing  d  contribution  to  bonding  and  close-packed  hexagonal
structures make their appearance. In groups VA and VIA the d contribution to bonding increases to a
maximum, and here the body-centred cubic structures are found. After this stage, the filling of the d
shell which continues as the atomic number rises is accompanied by an energy decreases of the d
orbitals relative to the s and p orbitals, and hybridization is less favoured; it is here that the close-
packed hexagonal and face-centred cubic structures reappear in Group VIII of the periodic table. If
accepted, these considerations not only allow at least a partial understanding of the distribution of
crystal structures in the periodic table, but also allow discussion of some aspects of the alloying
behaviour  of  transition  metals.  For  example,  the  high-temperature  body-centred  cubic  form of
zirconium is stabilized by titanium, niobium, tantalum, molybdenum and tungsten; the depression
of the temperature of the b.c.c. = c.p.hex transition per atomic % of solute increases as the number
of the group from which the solute is taken. Since the body-centred cubic structure is stabilized by a
large  d  contribution  to  bonding,  we  expect  the  body-centred  zirconium  structure  to  be  itself
stabilized by elements for which the weight of the d contribution in the hybridized bonding is high,
which is consistent with the observations. Since the d contribution to the bonding in molybdenum
and  tungsten  is  higher  than  in  niobium  and  tantalum,  the  relative  stabilizing  effects  are  also
consistent.



A further alloying problem is connected with the observation that, in general, the early transition
metals and some of the later ones form only very restricted solid solutions with elements of the B
sub-groups such as silver, copper, zinc and cadmium, even where the atomic size factors are very
favourable. As examples, molybdenum dissolves silver to a negligible extent, while the same is true
for chromium and copper. It may be suggested that the body-centred cubic structure demands, in the
early transition metals, sd3, d4 and d3 hybridization with a high proportion of d participation. On the
other hand, in silver and copper, the d shell is full, with two electrons of opposed spin in each d
orbital, and the d electrons cannot therefore take part in electron-sharing bonds; for these metals,
conditions  may  be  regarded  as  much  more  akin  to  those  described  by  the  collective  electron
treatment. The bonding characteristics of molybdenum thus cannot be reproduced by the solute, so
that this may be the reason why appreciable alloying cannot take place. It is becoming apparent that
it may not be possible to include all metals in one scheme as yet. The collective electron theory is
appropriate for the B sub-group metals, where the d electrons take little part in cohesion, but for the
A sub-group,  early  transition  metals,  where  the  d  electrons,  with  directional  properties,  are
important, the covalent type of bonding must be considered. Since the evidence is that the two
extreme types (e.g., molybdenum and silver) do not mix, it is evident that the directional type of
bonding  should  be  closely  examined  on  as  quantitative  a  basis  as  possible  in  future  work,
particularly  as  the  metals  for  which  this  model  seems  appropriate  are  those  of  technological
importance. This means that one of the outstanding problems to be tackled is the exact part played
in  bonding  by  the  d  electrons.  The  importance  of  this  is  reinforced  by  the  attribution  of  the
paramagnetic  and ferro-magnetic  properties  of the transition metals  to these electrons.  That the
problem here is complex is indicated by the fact that there is as yet no general agreement on the
electronic structure of ferro-magnetic iron. However, we may perhaps obtain a clue on the possible
future treatment of such problems from the interpretation of the magnetic properties of a class of
ferromagnetic  or  antiferromagnetic  ionic  compounds  known  as  the  perovskites.  This  class  of
compound is typified by LaMO3 where M is a magnetic ion. The structure is such that the magnetic
ions lie at the corners of a cube, and anions near the centres of cube edges. The rare earth ion, at the
cube centre, is magnetically inactive, and serves only to determine the charge on the magnetic ion.
To interpret these compounds, we must consider the d orbitals for an atom in more detail. Assuming
the existence of a magnetic field to differentiate between the magnetic quantum numbers m = 1 and
-1, and 2 and -2, the electron clouds appropriate to the five d orbitals are oriented as shown in
Figure 12. A fairly recent development, known as ligand field theory (12), indicates that the energies
corresponding to these orbitals are dependent upon the environment of the atom. The presence of
neighbouring atoms differentiates their  energies in a manner depending on the crystal  structure.
When  the  transition  metal  ion  is  surrounded  by  an  octahedral  group  of  neighbours,  as  in  the
perovskite structure, the 3d orbitals are split into a lower energy triplet (termed the t2g states) and an
upper doublet (the eg states). The t states are those which point along the diagonals in the xy, yz and
xz planes, while the e orbitals are concentrated along the x, y and z axes. In the perovskite structure,
therefore, one of the e orbitals of each of two neighbouring metal ions points towards and may
overlap with the opposite ends of a p orbital belonging to the anion. The effects produced will
depend on the number of d electrons associated with the magnetic  ion.  Suppose this  to be the
manganese ion Mn3+. Each t orbital will be occupied by one of the four d electrons of the ion, with
spins aligned; the remaining one occupies an e orbital, and the scheme may be represented:

One orbital is empty; the other four are half
filled.  When e orbitals  overlap  with the  anion p orbitals,  three cases  may be distinguished  (13),

(Figure 13). In Figure 13a the resultant ionic spin is represented by the upward pointing arrow on
the left-hand arrow. This means that the electron in the half-filled e orbital (shaded) has its spin
similarly aligned. 



Now if this  orbital  overlaps the anion p orbital,  the anion p electron which spends time in the
overlapping cation d orbital must have its spin antiparallel to the cation spin, or it could not fulfil
the necessary condition of being able to exist simultaneously on either ion. The second electron of
the completely filled p orbital must have its spin aligned antiparallel to that of the first electron, so
that if it spends time in the overlapping e orbital of the right-hand magnetic ion, the conditions for
simultaneous existence on either ion demands that the spin on the right hand ion must be opposed to
that of the left hand magnetic ion. The total interaction thus results in anti-ferromagnetic alignment
of spins. In Figure 13b, the production of anti-ferromagnetic alignment by overlapping of empty e
orbitals with the p orbital of an anion is illustrated, while Figure 13c shows how ferromagnetic
alignment  may  be  produced.  Development  of  these  ideas  satisfactorily  interprets  the  varying
magnetic structures of this type of compound in terms of the half-filled or empty character of the e
orbitals which overlap the p orbitals of the anion. It is important to realize that it may be justifiable
to extend these considerations to metals of the transition series, and to suggest a reason for the fact
that  while  iron  is  ferromagnetic,  chromium  with  the  same  structure  is  anti-ferromagnetic  (13).
According to the considerations outlined above, if in iron the t orbitals remain of lower energy than
the e orbitals, then for 3 valent iron irons the orbital occupation may be represented thus:



with each orbital half filled. To represent the metal, three electrons must be added, less any which
enter the 4s orbitals, to give the configuration:

We  therefore  expect  to  have  two  half-
filled  e  orbitals.  Chromium,  however,
with two fewer electrons, will be similarly represented as: 

so  that  both  e  orbitals  are  empty.  The
difference  in  magnetic  character  must
therefore lie in the different occupational pattern of these e orbitals. If we consider the directions in
which the various d orbitals are oriented in the body-centred cubic structure of iron, the resulting
picture is as shown in Figure 14; the orbitals illustrated would all be half-full (one electron each) if
the assembly were composed of Fe3+ ion cores.

 

 Three electrons per atom must be added for conditions to correspond with metallic iron, and these
may be considered to be added as one electron per orbital meeting point, of which there are three
per atom. In these circumstances, the added electrons will resonate between overlapping orbitals,
and must fulfil the conditions for existing in two orbitals simultaneously. Fixing attention on the
extreme left-hand ion, the resultant spin is shown by the upward pointing arrow. An electron added
to the attached orbital can only have an opposed spin (↓). If it is to be able also to join the left-hand
orbital attached to the body-centred ion, then the resultant spin on this ion must be opposed to that
of the resonating electron, as indicated, giving rise to ferromagnetic coupling wherever eg orbitals
overlap. The simple cubic sub-lattice on which the body-centre ions lie is thus ferromagnetically
aligned.  Similar  magnetic  interactions  align  the  other  sub-lattice,  and  entirely  analogous
considerations  for  overlapping  eg and  t2g orbitals  couple  the  two  sub-lattices  together,  also
ferromagnetically, and the resultant spins of the ions are aligned throughout. For chromium, the
corresponding diagram is shown in Figure 15; as discussed above the eg orbitals are empty, and the
shaded orbitals would be half-full for an assemblage of Cr3+ ions. Adding 3 electrons per atom as
before, the magnetic interaction due to an electron resonating between a half-filled t orbital and an
empty e orbital can only lead to an antiferromagnetic alignment of the correspond ions, since the
ion to which the vacant  orbital  is  attached must  have a resultant  spin aligned with that  of  the
resonating electron, the spin of which is opposed to that of the ion to which the half-filled orbital
belongs. In this case, therefore, the two sub-lattices are coupled as shown in Figure 15. Where half-
filled or completely empty orbitals overlap in the structure composed of Cr3+ ions (Figure 15), the
interaction brought about by the resonating electron is ferromagnetic, so that within each sub-lattice



the resultant ionic spins are aligned. This model may be developed on semi-quantitative lines, and
has many attractive features, amongst them being the relatively clear physical picture which is used
to describe the magnetic interactions. It is at this stage difficult to reconcile with the models which
have been suggested to interpret the bonding; it has been described as an illustration of the manner
in which such phenomena as ferromagnetism and anti-ferromagnetism may be discussed in terms
of the orbitals which are involved in bonding.

At the present time, it would be unwise to suggest that the theories of metallic bonding which
involve the overlapping of orbitals, the hybridization of orbitals and electron-sharing are as yet
successful theories. On the other hand, they appear to the writer to be very promising, since they
lead to some correlation between electronic structure, crystal structure, and alloying behaviour for
the early transition metals which are difficult to deal with convincingly by the methods appropriate
to the collective electron treatment,  in spite  of their  high stage of development.  In the writer's
opinion  the  orbital  theories,  combined  with  the  ideas  of  the  ligand  field  theory,  which  is  so
successful  in  stereochemistry,  should  be  a  topic  of  very  serious  study  in  the  next  stage  of
development of the theory of metals and alloys. It is of course impossible to forecast what the next
really productive stage will be; this depends on the interests and abilities of the people engaged in
this  type  of  work,  and  particularly  on  the  stimulation  afforded  by  technology,  and  the
experimentalists, who not infrequently bring to light facts and figures which are not consistent with
current theory. All the writer can do is to try to indicate the directions in which work might, or
should, be carried out. The collective electron theories, so successful in general in the interpretation
of physical properties, do need augmentation which will enable explanation of the different crystal
structures adopted by superficially similar metals, and the electron-shared bond, with the associated
directional properties, is an appropriate manner of discussing this problem. Today, the collective
electron treatment on the one hand and the bonding theories on the other appear to be somewhat
separate and unrelated treatments, each applicable to groups of metals for the discussion of which
the other is not particularly helpful. The former is satisfactory for metals and alloys involving either
no d electrons or a full d shell; these are not, however, the materials on which interest is centered
today, and for these metals, which lie in the transition series in the periodic table, it may be more
rapidly productive to embark on a much more detailed consideration of electron sharing to form
bonds.  The  approaches  already  made  suffer  from  being  somewhat  qualitative.  A quantitative
treatment would be a most welcome step in the future development of the subject. It is already
apparent that  certain classes of metals  can be interpreted almost  equally well  by both types of
approach; it is greatly to be hoped that, somehow, a formal relationship of one to the other may be
found.
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STRENGTH IN ALLOYS.

Professor R. W. K. Honeycombe, M.Sc., Ph.D., F.1.M.
University of Sheffield.

Most of the alloys in use today have been developed empirically—not necessarily by guesswork,
but step by step evolution often backed by what might be called metallurgical intuition. The reasons
why  certain  alloys  have  superior  strength  to  other  alloys  are  still,  in  many  cases,  obscure  -
especially with complex materials. However, our understanding of this difficult subject is gradually
being extended. We cannot claim yet to prepare “tailor-made” alloys, but at least we can continue
our empiricism in a more enlightened frame of mind.

In general terms, the main development of the last twenty years has been the increased awareness of
the interdependence of structure and strength.  But what  is  meant  by structure has undergone a
considerable change in this period. Twenty years ago, the metallurgist had to be content with what
he saw in optical microscopes augmented by X-ray diffraction data - he could not even see the
precipitate  responsible  for  the hardening of  Duralumin.  But  today the picture is  very different.
Electron microscopes enable us to see, if not individual atoms, at least fine particles 5-10 atoms in
diameter. Also, over the same period it has gradually been recognized that imperfections in
metals  and  alloys,  in  particular,  dislocations,  play  a  dominant  role  in  the  determination  of  all
mechanical properties. In the long run, it is the interaction between dislocations and the diverse
structures produced by heat-treatment which must be studied if a full understanding of the subject
of alloy strength is to be obtained.

It is a happy combination that the techniques of electron microscopy, now so widely used to study
alloy  structures,  have,  in  recent  years,  been  shown  to  be  equally  effective  in  the  study  of
dislocations and, consequently, their interaction with the structure – although this direct observation
of lattice defects is still in its early days.

Strength Spectrum

All metals, if sufficiently pure, are very weak, yet if their strengths are calculated, assuming perfect
arrays of atoms, results which are at least 1,000 times too high are obtained. Such a calculation
gives a strength ~ E/10 say 3 x 106 lb/in2. As everyone now knows, the causes of this tremendous
discrepancy are the dislocations in the structure, which enable the metal to deform plastically at
very  low stresses.  So,  the  whole  activity  of  alloying  (or  much of  it)  is  really  a  battle  against
dislocations - an attempt to render them immobile even at very high stresses. There is no doubt that
this campaign has been fairly successful, even if the opponent has not always been fully
appreciated, as can be shown for iron and its alloys. (Fig. 1).

Single crystals of pure iron have yield stresses of the order of 4,000 lb/in2, but by various changes in
composition and associated heat-treatments the strength can be raised to as much as 300,000 lb/in2

using conventional methods, and to 500,000 lb/in2 by use of newer heat-treatments. So, by alloying,
one has got to within a factor of 10 to 20 of the theoretical strength.

To go still further up in strength, other steps have to be taken, the two most important being:
(1) Cold work, so that the dislocation population has increased very substantially; in this
way, the movement of individual dislocations becomes very restricted.
(2)  By  complete  elimination  of  dislocations,  thus  achieving  the  perfect  lattice  and  the
theoretical strength. This, so far, has only been done in fine whiskers of various metals, but
extraordinary strengths have been obtained, e.g., about 1.5 – 2 x 106 lb/in2 for pure iron.



But, returning to alloying, it is obvious that the spectrum covered by the various heat-treatments is
very large - in iron, from 4,000 lb/in2 to 500,000 lb/in2. While compositions and heat-treatments can
be of considerable complexity, there are really only three ways in which alloy strength is developed:
(1) Solid solutions. (2) Dispersions of hard phases in matrices. The dispersion can, of course, vary
from particles  of  near  atomic dimensions  to  coarse  lamellae  in  some eutectics.  (3)  Martensitic
reactions. Not all of them give high strength, but in combination with (1) or (2) they can do so.

Each of these categories will be examined briefly, in turn, to see how far the basic behaviour is
understood and to explain the strengthening effects observed.

Solid Solutions

The solid solution is the logical starting place, but in many ways our knowledge of solid solutions is
very inadequate.

The effects of alloying elements in solid solution on the strength of pure metals is best brought out
by examining the strength of single crystals. This eliminates effects which could be attributed to
grain boundaries.

Take copper as an example: the initial flow stress τ, of pure copper is extremely low, about
70 lb/in2 but small concentrations of alloying elements (less than 1 per cent) have a very large effect
on the flow stress, as is shown in Fig. 2 for indium, nickel, tin and manganese.



For example, 0.5 at. per cent indium raises T0 to about 1,400 lb/in2 i.e.  20 times the flow stress of
pure copper. Tin is equally effective, but other elements, e.g., nickel and manganese, have a much
less pronounced effect.

What are the important factors here?

One important variable is the atomic diameter of the added metal. Looking at the problem simply,
the greatest strengthening might be expected from an element whose atoms caused the greatest
disturbance in the crystal structure of the pure metal. This effect is amply illustrated by a log-log
plot of the slope of the hardening curves shown in Fig. 3 against difference in atomic diameter of
solute and solvent.

But this is by no means the whole story. There are definite anomalies in this type of analysis. For
example, if the effect of various metals in solid solution on the initial yield stress of magnesium is
examined, it is found that thallium has a more pronounced effect on the flow stress than cadmium.
This is despite the fact that cadmium produces a bigger distortion in the lattice, so one is forced to
the conclusion that the relative valency of the metals is significant.

Another complication is that the effects determined at room temperature may be in a very different
order at elevated temperatures, e.g.,  under creep conditions. In those circumstances, the relative
rates of diffusion of the solute elements become important, and this is by no means only determined
by atomic size.

Yield Stress Theories

It has been seen how even very small concentrations of solute make it more difficult for dislocations
to move in a metal. What is the nature of the restraining force that these solute atoms exert and how
do the atoms need to be distributed to do this?

Several theories have been put forward which have helped throw light on this important problem:
(1) interaction of dislocation lines with the stress fields of isolated solute atoms (Mott and Nabarro);
(2) the formation of concentrated atmospheres of solute atoms around dislocations (Cottrell); (3) the
interaction of solute atoms with other defects, such as stacking faults (Suzuki).

The Cottrell theory is attractive. It assumes that the solute atoms prefer to segregate to dislocations
because they are more strongly bound in these positions in the crystal - there can be high interaction
energy of a solute atom with a dislocation. This, of course, means that the dislocations will become



locked and will require a higher stress to move them. The extent of the locking (or strengthening)
will depend on the nature of the solute atoms and of the dislocation.

An attractive feature of the Cottrell  theory is that a relatively small  number of solute atoms is
required to saturate all the dislocations existing in an annealed metal. For example, 1011 dislocations
in iron require only about 10-2 at. per cent carbon to be saturated, and this dislocation population is
much higher than in annealed iron.

So, there is a mechanism which is economical with solute and might help explain the big effect of
small concentrations of solutes in other metals. What is the evidence for the general application of
the Cottrell theory? This, incidentally, was primarily developed to explain the yield phenomenon in
iron and low carbon steels where a sharp upper and lower yield point is readily obtained, (Fig 4). 

That the effect is due to carbon atoms is clearly shown by the result on decarburizing in moist
hydrogen.

The yield phenomenon exists in other alloys. For example, nitrogen in molybdenum and oxygen in
niobium give well-defined but relatively modest yield points. However, these solid solutions are
rather  special  cases  -  interstitial  in  body-centred  cubic  metals.  Can  a  similar  phenomenon  be
expected in substitutional alloys?

There are, in fact, many non-ferrous alloys in which yield points have been observed. To mention
just a few: α-brass, copper-nickel-zinc, copper-arsenic, copper-tin, aluminium-magnesium (3½ per
cent), Duralumin; but they are all much less than those observed in iron. This can be explained by
assuming that the interaction energy between the solute and the dislocations is small and, thus,
locking is  much  less  pronounced.  There  is  no  doubt  that  the  extent  of  the  yield  drop is  very
dependent on the actual solvent (also the method of testing) and one does get a bigger effect when
the atomic diameters are very different - e.g., compare the behaviour of copper-zinc, and copper-
indium single crystals. (Fig. 5).

But  the Cottrell  effect  cannot  be responsible for the whole of this  strength of a solid  solution,
particularly substitutional ones. The stress at which the lower yield occurs represents the stress at
which unlocked dislocations move, and this is demonstratively much higher than in a pure metal,
and only a little lower than the upper yield in many cases.

So it must be assumed that there is an additional force resisting the movement of dislocations. In a
pure metal, the stress to move a dislocation is called the Peierls force; in an alloy, the higher stress



needed could comprise a locking stress and a so-called friction stress, i.e. the stress needed to move
unlocked dislocations along a slip plane on which is distributed solute atoms either isolated or in
groups, left behind by other unlocked dislocations.

A third possibility which has been briefly mentioned is the role of other lattice defects, in particular,
the stacking fault.

The usual order of close packed planes in a face-centred cubic metal like copper is

A B C A B C A B C

but errors in the packing of these planes can occur so that small regions of cp. hexagonal structure
occur, which has the stacking order

A B A B A B A B A B
so a stacking fault is produced, thus:

A B C A B A B A B C A B C

While such errors can occur spontaneously in growth, they are more likely to be produced in
some metals by geometrical dissociation of dislocations. This is more likely if the energy to form
these faults is low - metals  with a low stacking fault  energy will  thus tend to have dissociated
dislocations. (Fig. 6).

Stacking faults can alter mechanical properties in two ways. In the first instance, they make it more
difficult  for  dislocations  to  move  and  to  cut  through  each  other,  and  thus  contribute  to  the
phenomenon of work hardening. A second possibility put forward originally by Suzuki is that solute
atoms will tend to segregate to them and produce a type of dislocation locking.



Recent
work  on
copper
alloys has indicated that the addition of solute elements such as zinc, tin and germanium to copper
very much reduces the stacking fault energy even in dilute alloys. However, it seems likely that
diffusion of solute atoms to stacking faults will only begin to be effective at higher temperatures
when diffusion will allow movement of the atoms to freshly formed faults.

Role of Precipitates
 

Having hardened up a matrix as much as possible by solid solution formation it is always possible
to increase the strength by making the alloy two-phase. However, structures such as coarse eutectics
or very large precipitates do not improve the mechanical properties a great deal, to achieve optimum
properties one has to go to submicroscopic dispersions.

This is demonstrated by some of the familiar age-hardening systems, e.g., the aluminium-4:5 per
cent copper, where crystals of the solution-treated material (a single-phase solid solution) have a
fairly  high  flow stress  compared  with  aluminium,  but  on  ageing  to  cause  precipitation  of  the
extremely fine GP1 and GP2 zones the flow stress is raised by a factor of nearly 3. (Fig 7). However,
on over-ageing to cause coarse precipitation easily visible in the optical microscope, the flow stress
is now much lower than the supersaturated solid solution. The solid solution is now very dilute (0-5
per cent copper) and the rest of the copper is present as very coarse particles of CuAl 2. So, in the
one alloy, heat-treatment is capable of covering the widest possible range merely by adjustment of
the relationship between matrix and precipitate.

Now what determines the particle dispersion which gives the optimum properties? How can one
develop, say, the maximum yield stress, or the maximum resistance to the movement of disloca-
tions. Before these questions can be answered, some information is needed on how dislocations can
move in a matrix containing a fine dispersion. of precipitate.



Starting at one extreme with a dispersion of solute atoms, it is known that these do not deflect the
dislocations  from  their  slip  planes  but  appear  only  to  produce  a  frictional  resistance  to  the
movement of the dislocations.

   
If a supersaturated solid solution is gradually aged, this  causes the aggregation of solute atoms
together to form small pre-precipitates - often still within the structure of the parent solid solution.
These precipitates, small as they are (in aluminium-copper about 100 Å by 5 Å thick), cut across
slip planes on which dislocations must move. 

What, therefore, happens?

There are only two real possibilities:
(a) The precipitate particles are cut through by the dislocation, and relative displacement
occurs. 

With very fine precipitates still closely related to the matrix, this is a very likely mechanism, and
recent  electron  microscope investigations  tend to  confirm this  view.  The dislocations  will  thus
remain on their original slip plane and the slip is straight and sharp.

(b) The dislocations by-pass the precipitates in some way. 

As the precipitates grow in size and become very different in composition and properties from the
matrix, the dislocations find it much more difficult to cut through, with the result that they now try
to move around the particles. 

One such mechanism, due to Orowan, is shown in Fig. 8. Again, there is some direct evidence that
such processes can, and do, occur when the precipitate becomes sufficiently large, (Fig. 9). It is
thought that this type of movement frequently leads to a greater rate of work hardening because of
residual dislocation loops and rings.



Optimum Strength

The optimum strength developed by a particular alloy containing a precipitate is probably obtained
with a dispersion which the dislocations cannot quite bend around - there is a limiting radius of
curvature for a stress σ1 which is given by

r = αμb/σ1

where σ1 - stress, α - constant, μ - sheer modulus, b - Burgers’ vector. Now, if the spacing between
the particles is of the same order as μ, then there is maximum opportunity for obstruction.

So, the first aim is to achieve this optimum dispersion, but all dispersion-hardened alloys are not
equally effective. Why, for a given state of dispersion, are some alloys much stronger than others?
To answer this point, it is necessary to look more closely at the nature of the precipitate and its exact
relationship to the matrix. At one end of the scale, when the precipitate first forms, it will still be
continuous  with  the  crystal  structure  of  the  matrix,  (Fig.  10),  but,  as  it  develops  its  own
characteristic structure, strains can be produced which form stress fields around the particles. These



effectively make the particles bigger than they seem and give added resistance to the movement of
dislocations, (Fig 11).

These so-called coherency strains were, until recently, a theoretical proposition only, but now they
have been observed in  a  number of alloys in  the early stages  of  precipitation.  Naturally,  alloy
systems will vary in their tendencies to produce coherency strains, so this provides an important
variable. At the other end of the scale, with very coarse dispersions, the relative lattice structures are
not really important and, assuming that one phase is much harder than the other (as it usually is)
then the properties are predominantly determined by the actual spacing of the particles, their shape
and volume fraction.



For example, particles may be spherical or lamellar - the lamellar structure is stronger because for
the same degree of dispersion it offers greater hindrance to plastic flow in the matrix. Spheres are
more readily by-passed by dislocations.

Dispersion Stability

An important aspect of age- or dispersion-hardening is the stability of the dispersion at elevated
temperatures. This is really the key problem to the development of creep resistant materials.

In the normal age-hardening alloys an increase in temperature means an increase in solubility of the
second phase in the matrix with resulting coarsening of the structure, because the coarse particles
will grow at the expense of the fine.

There are two principal ways of overcoming this undesirable feature. First, one can try and choose
precipitating phases which dissolve in the matrix only near the melting point. For this, one needs to
have a component metal which diffuses with great difficulty in the matrix. To take an example:
titanium diffuses readily in austenitic steel only at very high temperatures (1,000°-1,300°C.) so that
Fe2Ti is a relatively stable precipitate; so much so, that the peak hardness is obtained by ageing at
700°C., the corresponding structure being shown in Fig. 12.

The second approach is to use as a dispersion a hard phase which is completely insoluble in the
matrix  and  thus  cannot  be  produced  by  a  precipitation  process.  The  second  phase  has  to  be
incorporated by powder metallurgy methods or by internal oxidation, or some similar technique,
e.g.,  Al  -  Al2O3 (SAP),  Mo  -TiO2.  Such  dispersions  do,  in  fact,  have  great  stability  towards
temperature and thus the materials exhibit very good creep properties.

One further property appears to be important - namely, wetting. The particles should be wetted by
the matrix, and if this does not take place, on deformation separation of the matrix at the interfaces



will occur causing premature ductile fractures (formation of cavities) resulting in poor ductility,
which the engineers always insist should be avoided at all costs.

Precipitation on Dislocations

It has been shown how precipitates interfere with the movement of dislocations and thus increase
the strength of the alloy. There is one other way in which precipitates can hinder the dislocations
and that is by simply nucleating on the dislocations. There is now plenty of evidence that under
certain circumstances precipitates prefer to nucleate on dislocation lines, for the simple reason that
there is often there a high concentration of solute atoms necessary for nucleation. The classical
example of this is the precipitation of copper in silicon, which outlines clearly dislocation rings.
Another example, which has only recently been investigated, is the precipitation of iron carbide
during the strain ageing of ferrite at relatively low temperatures (100°-250°C.) Fig. 13 shows the
precipitate feathering along a typical dislocation line.

This  particular  example  is  very  significant,  because  the  precipitate  has  been  detected  in  those
circumstances, in which Cottrell atmospheres and locking were previously assumed to occur. It now
appears that the precipitate particles also play a part in the firm locking of dislocations found in low
carbon steels.

Turning now to austenitic steels, it has recently been found at Sheffield that the carbide precipitates,
e.g., NbC, Mo2C, which appear during tempering, are particularly easy to nucleate on dislocations,
as  can  be  shown  by  tempering  of  deliberately  deformed  specimens  with  relatively  high
concentrations of dislocations, (Fig. 14). This has particular significance for creep-resistant alloys
used at temperatures at which these carbides can be nucleated, e.g., 500°-750°C. For, in the correct
circumstances, nucleation could well be expected to occur on dislocations generated by the applied
stress with a consequent marked reduction in their mobility. This would be directly expressed in a
smaller amount of creep strain for a given stress – as illustrated in Fig.15, where the curve changes



shape during the steady state, indicating a reduction in creep rate or, in some cases, a complete
elimination of creep.

Transformations on Dislocations

Structural  imperfections  can  also  be  made to  play  a  part  in  other  types  of  transformation,  for
example martensitic transformations. One such case is that of ausforming, or of the working of
certain steels in the austenitic bay below Ac, where the austenite is metastable; the steels are chosen
to give a large region of stability. Such treatments give substantial increases in U.T.S. on subsequent
quenching and tempering when compared with conventionally heated material without significant
sacrifice in reduction in area or elongation. It seems very likely that the big change in properties is
due to the cold work retained in the austenite, i.e., the dislocation arrays which markedly affect the
structure of the resulting martensite. So here is another, relatively new, way in which strength can
be gained by manipulation of imperfections in the material.



Conclusion

This  outline  of  fundamental  ideas  on  some  of  the  ways  of  strengthening  metals  by  alloying
necessarily  cannot  be comprehensive,  and the explanations  have  tended to follow the practical
developments. Conventional heat-treatments of carefully developed alloys have enabled metals to
be strengthened by factors of 100 or more, but to go nearer still to the ideal strength, with a factor of
at  least  10-20  to  play  with,  unconventional  techniques  and  unusual  materials  will  have  to  be
adopted. In this fight to come, fundamental ideas will play their part, alongside the already highly
developed skill of the industrial metallurgist.
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Synopsis

The prospects for achieving large increases in strength and strength: weight ratio to a practical scale
will  be  discussed.  The  limiting  strength,  as  set  by  forces  between  atoms  can  be  achieved  by
elimination of stress concentrators and mobile dislocations from the material. Several ways of dong
thsi are known and many laboratory and a few commercial materials of immense bulk strenght have
recently  been  prepared.  In  general,  however,  bulk  strength  depends  upon  resistance  to  crck
propagation and a different set of mechanical properties, ductility and toughness, ar erequired for
this.  These  properties  possessed  mainly  by  familiar  metals  and  alloys,  often  conflict  with  the
property of high ideal strength. The problem of reconciling these will be discussed, and it will be
shown that fine dispersions of hard string particles in a ductile matrix offer the best compromise.
Metals  densely  reinforced  with  strong  fibres  or  whiskers  of  light,  refractory  non-metals  will
probably give the highest useful strengths and strength: weight ratios of all, particularly at high
temperatures.

Introduction

For the past twenty years or so, people have been busy on the science of mechanical properties.
There is still a lot to be done but nevertheless we now understand a good deal of what goes on when
we pull a metal and make it yield and break. Certainly, enough to make it worthwhile now to ask
how we might apply this new science to the design of stronger and tougher materials, which is what
I want to do in this talk.

Ideal Strength

We talk about ideal strength but really it is ideal strain that is the most important property. There are
many different kinds of bonding forces between atoms – metallic, ionic, covalent, molecular – and
they  have  vastly  different  strengths  but  these  bonds  nevertheless  all  fail  at  roughly  the  same
elongation, i.e., when the atoms are pulled apart to a strain in the range 0.2 to 0.4. As regards the
geometry of deformation and failure, then, there is no enormous difference between one solid and
another. (We exclude polymers such as rubber because they deform by a special mechanism). The
differences appear as soon we begin to consider the forces in the atomic bonds, but these same
differences also appear in the elastic moduli of materials. We can thus conveniently express the
ideal strength, σm of atomic bonds in the form

σm = αE

where E is Young’s modulus and α is a number. Usually, α lies between 0.05 and 0.2; it is smaller
than the ideal strain because the stress falls below the Hooke's law value at these very large elastic
strains. Figure 1 shows this.

For a strong material we want both a high α and high E. These are two quite distinct requirements.
There is not much we can do about E. We have to take what nature provides and can improve it only
by drastically changing the composition of the material. By contrast the value of α, within the same
material  is  largely under  our own control.  There is  thus great  scope for strengthening practical



materials up to the ideal value of α. However, we cannot afford to aim only at α. We still need a
high E, for both high αE and elastic stiffness. Most engineering structures could not tolerate strains
as high as α = 0.1. They would distort unduly, elastically and become unstable. Gordon2 has shown
vividly how aeroplane wings would flap at such strains. We cannot, therefore, design up to the full
value of α and must try to compensate for this by means of a high E.

The record for  high E seems to be held by graphite,  in  its  basal  plane (144 x 10 6  psi).  Many
refractory oxides, carbides and borides go above 60 X 106  psi but common metals and alloys fall
well below this value (e.g. 30 x 106 psi for iron). As regards strength:weight ratio, many of the
refractory  oxides,  because  their  density  is  small  improve  still  further  on  the  common  metals.
Aluminium oxide, for example, has an E/ρ five times that of iron.

What is a reasonable target for a practical strong material of the future? Let us assume that it has E
= 50 x 106 psi and ρ = 3. We will assume that the working elastic strain in it is not to exceed 
α =0.02. This gives a working stress of 106psi and a strength:weight ratio of 105 (strength in psi
density in lb/cu.in), about ten times better than can be achieved at present.

Observed Strengths

Ordinary commercial materials usually fail at stresses where α = 0.001. If ductile they are weakened
by the propagation of dislocations, if brittle by the propagation of sharp cracks. This raises the
fundamental dilemma that faces the designer of strong materials. Resistance to brittle fracture and
resistance to ductile yielding are usually contradictory properties. Mobile dislocations give crack
resistance by also giving plastic weakness.



Even so some high strengths have been achieved as the whisker and fibre values in Table 1 show.
These high values confirm the reality of the ideal strength and set us the technological challenge of
reproducing them on a practical scale.

The high strengths, first achieved by Griffith3 in fine hot drawn glass fibres, are, of course, now
exploited commercially in fibreglass in which large numbers of such fibres are glued together by a
resin. The problem of fracture weakness is overcome not through mobile dislocations, but by the
geometry  of  the  fibres  which  forces  cracks  to  be  either  very  short,  across  the  fibre,  or  to  be
harmlessly oriented along the fibre, if long. No longer needing dislocations for crack-resistance,
these can be eliminated in the most drastic possible way, i.e.,  by using a brittle non-crystalline
structure. The fibreglass principle has thus provided a way of escape from the dislocation-crack
dilemma mentioned above. Brittleness ta no longer to he regarded as synonymous with low crack
resistance. It has thus become possible to achieve high α values fairly easily and cheaply on a bulk
scale from glass fibres. The limitation of course is the law Young’s modulus (≈ 106psi)  and low
softening temperature of glass

For many years no-one could get really high α values from metals and other crystalline materials.
Some people even began to think, wrongly, that ductile crystals might not have high ideal strengths.
It was thus a great step forward when, in 1952, Herring and Galt4 got enormous strengths from
single crystals of tin in the form of whiskers about 10-1 cm in diameter. Since then, strengths in the



range 0.01 < α > 0.1 have been got from whiskers of almost all crystals. Figure 1 shows the tensile
properties  of  iron  whiskers.  It  seems  that  such  whiskers  are  strong  when  they  contain  no
dislocations – at least not in a form suitable for slip or twinning. Figure 2 shows how the strength
vanishes as soon as slip and mobile dislocations appear in whiskers of a ductile metal.
This  may suggest  that  whiskers  can  never  be more than  a  curiosity.  To make crystals  without
dislocations requires extremely expensive refinements of technique; and there would always be the
risk of losing the strength afterwards, perhaps by the creation of dislocations as a result of chemical
action on the surface of the whisker. But why we thinking of ductile metals for whiskers? Their
ductility is of no advantage in fact it is a positive disadvantage! The work on glass fibres has shown
that, with a fibre geometry, we do not need mobile dislocations for crack-resistance and so we can
overcome plastic  weakness  by  using  materials  in  which  dislocations  either  cannot  form (non-
crystalline) or cannot glide (brittle). All the advantages here lie with the hard, brittle, elastically
rigid, refractory non-metals, such as alumina, silica, boron and boron nitride. This was clear from
the  experiments  of  Pearson,  Read  and  Feldman5.  They  strained  silicon  whiskers  at  high
temperatures, where they are soft and plastic, to put some dislocations in them. After cooling to
room temperature, these dislocated whiskers were then strained again, to show that they were very
strong even though they contained dislocations. High strengths were also got from thin rods cut out
of large pieces of silicon crystal. Silicon is a typically brittle solid in which the dislocations are
immobile at room temperature. Being immobile, they give no plastic weakness; they are also rather
ineffective as static stress concentrators and so do not reduce the fracture strength much.

Thus, if we use naturally brittle solids, we can still expect high strengths even if their crystals are
badly made as regards dislocations, provided they are shaped as smooth as thin fibres. Since quality
of  crystal  structure  is  not  essential,  the  prospects  for  cheap  large-scale  production  are  much
improved.  With  such  crystalline  fibres  we  are  back  to  the  glass  fibre  principle  again;  their
crystallinity is unimportant for α, although it is of course important for getting a high E and a high
softening temperature.

Bulk Strength

Brittle solids in large pieces are weak if they contain deep sharp cracks, notches, or surface steps
that act as intense stress concentrators. Recent research has Proved that in many cases the harmful
stress concentrators lie in the surface of the material, formed there by scratching or by chemical
action. If the surface is made extremely smooth by polishing with a flame or by chemical means,
high strength can often be got from large pieces. In this way, near-ideal strengths, better than E/40,
have been achieved in thick glass rods6 and large sapphire crystals. This is a great tour de force but
is unlikely to lead to the use of large, monolithic, brittle solids as strong materials since there is
always  the  danger  of  their  strength  suddenly  vanishing  through  the  accidental  formation  of
scratches or other flaws on them during service. It does mean however that, provided their surfaces
are smooth, strong fibres and whiskers need not be so fine as was once thought necessary.

Monolithic brittle solids are very notch-sensitive. For bulk strength in practical materials we want a
strength that is not much reduced by cracks and notches. Let the bulk strength (failure load divided
by cross-section) be σ and the local strength at the end of a notch be σy, as in Figure 3. A brittle
monolithic solid has a very high strength when the notch depth c is zero, i.e, σ = σ y =E/10, when c =
0, but the bulk strength drops rapidly, according to Griffith's formula, with increasing notch depth,
as in curve a of Figure 4. What we want is a substance which remains strong with deep notches, as
in curve b.



What determines the shape of such curves? We can think, in a simplified way, of a miniature tensile
test being performed on the element of material at the end of the notch. This material has a strength
σy. Let it elongate an amount uf before breaking. Then an amount of mechanical work equal to

2δ ≈  σy. uf

is done in breaking it. Here γ is the work per unit area of fracture surfac and for ideally brittle
fractures is the same as the specific surface energy of the material. It can then be shown3,7,8 that the
bulk strength for a crack depth c is given by

σ≈ (Eγ/c)½

The trouble with simple brittle solids is that γ is so small, so that a crack only about 0.001 in. deep
can reduce the strength of the, for example down to 15,000 psi.,  only a fraction of its intrinsic
strength. 

It is here that ductile metals come into their own. Dislocation glide occurs at stresses σy which are
safely below the ideal fracture strength. The stress at the tip of the crack never reaches σm. The only
way the metal can break then is by plastic elongation of the element at the tip of the notch. For this
process uf is enormously increased, and so also is γ, up to values of 1,000 or more above the surface
energy. With such large values of γ the σ curve hardly falls, with increasing c, until notches an inch
or so deep are formed, as shown in Figure 4.

Ductile Metals

With ductile metals, nature has provided us with materials of such intrinsic crack resistance that the
primary problem has not been one of stopping cracks – the mobile dislocations look after that - but
of gaining some plastic strength by stopping the dislocations moving quite so easily. The traditional
design of metallic materials has thus been mainly concerned with putting obstacles in the way of
dislocations and the traditional metallurgical processes  - alloying, cold-working, quenching, ageing
and tempering - are all concerned with various aspects of this. 

The traditionally ductile metals - copper, aluminium, gold, etc. - are so intrinsically soft that it is
possible to go a long way in hardening them without running into any real danger of losing crack
resistance. But how far can we go In this direction? We can see the end of the road by looking at
intermetallic compounds such as CuAl2 or Fe3C. These are completely metallic substances. Yet,



because of their crystal structure, the dislocations in them are immobile. We have succeeded in
stopping the dislocations.  But the material  is  now weak against  brittle  fracture! The traditional
metallurgical approach in the end leads us right into the dilemma; if we go too far, in a monolithic
solid, in strengthening the resistance of the material to brittle fracture.

The nearest thing to an escape from this dilemma is provided by the structure of precipitation -
hardened or dispersion-hardened alloys: a soft ductile matrix, embedded in which are lots of fine
hard particles. These particles obstruct the movement of a long dislocation lines, and so make the
material hard, but do not prevent dislocations from moving about locally in the regions between
particles. These local movements keep the plastic strength locally below the ideal fracture strength
and so give a fair crack resistance.

The dispersion has of course to be very fine. This is shown by the well-known Orowan formula7 for
the shear strength, σ,

σ ≈ μb/l, (4)

where μ is the shear modulus, b the atomic spacing, and l the spacing of obstacle particles, which is
valid  down to the scale  of  fineness at  which It  becomes easier  for  dislocations  to cut  through
particles than pass between them. The optimum spacing is about l  ≈100Å and, corresponding to
this, strengths up to about E/100 have been achieved in Cu-Be, Al alloys, Nimonics, and quenched
and tempered steel.

The difficulty of course is that such fine dispersions are thermodynamically unstable and will not
stand  high  temperatures.  The  standard  method  of  quenching  and  tempering  relies  on  a  good
solubility, at high temperatures, of the precipitates and this same solubility causes the dispersion
either to coarsen or redissolve completely when we try to use the alloy at high temperature. The
efforts to overcome this problem, spurred on particularly by the development of gas turbine engines,
have been one of the main features of physical metallurgy in the past twenty years or so. The use of
increasingly less soluble dispersed phases has led to correspondingly higher solution temperatures
up to the melting point of the matrix, then to complex alloys prepared directly in their final form by
casting from the liquid state, and still more recently to metals and alloys hardened by insoluble
oxides.  The starting  point  for  this  last  development  was of  course sintered  aluminium powder
(S.A.P.), and internal oxidation and the techniques of powder metallurgy have enabled other metals
to be similarly hardened, e.g., nickel hardened by thorium oxide dispersions, Such techniques have
produced strengths of about E/1,000 at temperatures up to about 0.7 of absolute melting point of the
matrix. Judged on the scale of what was possible a few years ago, this is a tremendous achievement.
Nevertheless, it falls far short of what nature would allow us, since in principle a crystal lattice
should retain a near-ideal strength right up to the melting point.

What is the prospect for further improvement here?  A long argument about this leads us back to the
fibre principle again. As a preliminary, we note that although coarsely dispersed alloys are soft,
because of the large l  in the Orowan formula,  they nevertheless work harden rapidly.  Figure 5
shows this.



The explanation of this work hardening rests on two effects. First the coarse hard particles disturb
the ‘stream’ of plastically flowing metal around them and produce a kind of ‘turbulence’ in it. Many
dislocations on intersecting planes are producing this geometrically complex deformation and rapid
work hardening ensues. Second, as the metal matrix slips, and the hard particles do not, more of the
applied load is thrown on to the particles. We can see this either from the Fisher, Hart and Pry 12

theory of dislocation rings formed round such particles, or more directly by thinking of the particles
simply as pegs or bolts holding the otherwise sliding faces of the slip planes of the  metal together.
Direct evidence for the large elastic strains in particles of cementite in steel, corresponding to the
disproportionately large load carried by these particles,  has been obtained by Wilson13,  and the
theory has been discussed in detail by Kelly14.

The next point in the argument is that these particles, even when coarse by precipitation-hardening
standards, are still fine enough to possess ideal strength. If we can introduce enough of them, e.g.,
50 volume percent, there is thus the prospect of gaining great overall strength from their direct load
bearing capacity. If relatively coarse and composed of a refractory, insoluble, substance such as a
stable oxide, such a dispersion will be stable and strong at high temperatures.

However, we have first to solve two problems. The metal matrix is soft;  it  can flow round the
particles plastically, like a stream flows round a stone, and eventually start a ductile rupture near
each particle. Second, the work hardening curve needs to be made steeper, so that the strain to reach
the maximum stress is reduced to elastic order of magnitude. Both of these can be solved by using



particles in the form of long fibres. Consider, in Figure 6, the simplest situation, a single fibre along
the axis of a tensile bar.

The metal yields and starts to flow along the fibre, But, by the adhesion of the interface, the metal
pulls on the fibre so that the latter is subjected to a tug-of-war. The stress and elastic strain in the
fibre thus increase, inwards from its ends, until at a distance lc/2, the elastic strain is equal to the
overall strain of the composite. Further in than this, the stress no longer rises since the fibre there is
stretching as much as the metal. We call lc, the transfer length and see that it is given approximately
by

lc ≈ r.σf/τ (5)

since an interfacial shear stress τ exerts a force 2πr(lc/2)τ on a fibre of radius r, which has to be
balanced by the force πr2σf due to the strength σf of the fibre. The problem of the soft matrix is then
overcome, provided the fibre is not short compared with lc, since the function of the metal is now
merely to act as a soft binder which transfers the applied load smoothly to the fibre. This means
that, with such an arrangement, there is no reason why we should not retain high strength right up to
the melting point of the metal. We are in fact back to the fibreglass structure again, but with a
plastically yielding metal replacing the resin binder15. The problem of the work hardening slope is
also Overcome since, through the geometry of the fibre structure, the overall elongation cannot
exceed the elastic elongation of the fibres, so that the overall stress-strain curve climbs elastically
right up to the breaking point of the fibres, even though the metal becomes plastic at a much lower
stress. This has been proved by Kelly and Tyson (c.f. ref 14), who embedded strong tungsten wires
in  cast  copper  rods.  Figure  7  shows one  of  their  load-elongation  curves,  obtained from a  rod
containing 63 volume percent volume percent fraction of fibres. 

Slip lines formed on the copper at an early stage in loading but despite this, the whole specimen
deformed in a sensibly elastic manner right up to its breaking point.

 



 

Crack
Resistance

Metallurgists have paid enormous attention to the problem of stopping dislocations but very little to
that of stopping cracks. This is not Surprising since, so long as the dislocations are not stopped, they
themselves stop cracks — brittle cracks at least. But since we do not want our strong materials to be
plastically weakened by mobile dislocations, we have to find other ways of stopping the cracks.
What is the best obstacle to a crack? It is a weak interface, perpendicular to the crack. We can then
get various stress relaxation effects, such as that shown in Figure 8. Here the interface is weak in
shear and slides, so dispersing the stress at the end of the crack over a transfer length lc, in a manner
similar to Figure 7.

For fracture toughness, we are thus led to a composite structure toughness, we are thus led to a
composite structure in which tensile members of the load-bearing constituent are separated from
each other by thin sandwiches of a second constituent that is soft and shears easily. We are thus
back to the fibreglass structure again, this time through considerations of toughness, not strength.
There are several striking things about this.  We get toughness from the deliberate use of weak
interfaces, provided the fibres are long enough in relation to the transfer length. It also enables us to
get toughness from brittle materials. Nature has of course already used this principle; bamboo, for
example, is very difficult to break, even when sharply notched. Looked at from this point of view,



we see that the traditional microstructure of metals and alloys, with continuous paths through the
grains or along the grain boundaries, is fundamentally wrong for crack resistance. If a process can
start a crack in such a microstructure, then, because of the continuity of the same structure, the same
process can propagate the crack across the whole section without interruption. It is no wonder that
the less ductile metals are plagued by brittle fracture and the more ductile ones by fatigue fracture.
To stop cracks, a heterogeneous microstructure interrupted by weak interfaces is needed.
It is important that these interfaces should not be sheets; otherwise, when inclined to the tensile
axis, they can relax shear stress and produce strong stress concentrations at their edges. This is why
lamellar  eutectic  structures  are  usually  not  usually  particularly  strong,  despite  their  crack
interrupting  interfaces.  With  long  thin  fibres,  this  problem does  not  arise.  Obviously  the  best
arrangement of the fibres is a parallel bundle, but this only gives one dimensional strength, along
the  axis  of  the  bundle.  Two-dimensional  strength  can,  however,  be  got  by  arranging  the  fibre
randomly  in  mats.  If  necessary  three-dimensional  strength  could  also  be  got,  from  randomly
interpenetrating fibres, a structure that is impossible with sheet-like constituents.

Fibre-strengthened metals

We have thus been led by three independent lines of thought to the fibrous composite as the best
microstructure for realising, on a practical scale, the ultimate mechanical properties of solids. These
are:

(1)  The realisation,  from the  study of  glass  fibres  and brittle  whisker  Crystals,  that  the
geometry of the fibre shape itself confers crack-resistance.

(2) The analysis of the ultimate development of the dispersion-strengthening principle in
metals and alloys.

(3) The consideration of the best microstructure for stopping cracks, i.e., for toughness.



It  is  to  be  expected  then  that  composite  substances,  structurally  similar  to  fibreglass,  will  be
developed as the strong materials of the future. The fibres will be brittle, elastically strong, and have
high softening temperatures, refractory oxides for example. We expect that metals will be used as
the binding matrix. Compared with the resins, used at present in fibreglass, they are much more
elastically  rigid,  can  be  used  at  high  temperatures,  practically  up  to  their  melting  points,  and,
through their  plasticity,  are effective in transferring the applied load to the fibres without local
overloads.

Several research and development groups are now studying the properties of fibre reinforced metals
and trying to  produce new commercial  materials  of this  type (refs.  2,  14,  16,  17).  Aluminium,
densely reinforced with silica fibres, has already been made in sizeable pieces and shown to be
strong in both plain and fatigue stressing16. The retention of strength to high temperatures has been
demonstrated by Sutton and Chorné17,  who used silver lightly reinforced with aluminium oxide
whiskers, as shown in Figure 9.
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INDUSTRIAL POLICY.

Sir William Larke, K.B.E.
Secretary of the National Federation of Iron and Steel Manufacturers.

(Inaugural  address  to  the Co-ordinated Societies,  delivered in the English Lecture Theatre,  the
University, Edmund Street, Birmingham, on October 22nd, 1931, Mr. W. F. Brazener being in the
chair, and some 50 persons present.)

We have seen in the past year the remarkable spectacle of the industrial world drifting to apparent
bankruptcy in the midst of plenty, from which the somewhat hasty deduction is frequently drawn,
that the world is suffering from over-production.

There  is  much  evidence  to  indicate  that  this  is  not  the  case,  but  that  the  real  evil  is  the
maldistribution of gold and credit, and as a consequence the ordinary medium of exchange between
the  products  of  agriculture  and  those  of  industry  is  dislocated.  In  some cases,  barter  is  being
adopted: for example, the coffee of Brazil cannot be sold so efforts are being made to exchange
coffee for machinery.

The production of the iron and steel industries of any highly industrialised country in which the
industry is well developed, is a measure of the prosperity of that country. Cobden described Iron
and Steel as the “bread of industry.” If the production of pig iron is considered as a measure of the
general prosperity and consuming power of the world, it will be found that from 1810 to 1910 the
world production of pig iron increased by 6 per cent. per annum; from 1910 to 1914 by 6.2 per cent.
per annum, showing that the rate was, as might be expected, increasing rather than decreasing, since
the  consumption  of  iron  and steel  per  head of  population  was increasing  with  the  progress  of
modern  invention  -  the  development  of  the  motor  car  and so  forth.  Had  this  rate  of  increase
persisted without interruption from 1914 to 1929, the record year for iron and steel production, the
world consumption of pig iron would have reached 160 million tons; whereas it only reached 100
million tons and the world productive capacity was only 107 million tons.

Every  influence  except  that  of  the aftermath  of  the war  was calculated to  increase  the  rate  of
consumption; the motor car was much more highly developed and in more general use; the use of
steel in structures of all kinds, buildings and bridges was much greater than ever before, and yet
there was this  remarkable disparity  between the potential  and the actual  consumption.  It  must,
however, be recognised that the improvement in the mechanical qualities of Iron and Steel which
modern research is achieving may discount in the future to some extent tonnage as a measure of
progress.

It seems clear that the present industrial depression is due not to the absence of need but to the lack
of purchasing power.

In the pre-war world, the basis of international exchange had been for this country since 1816 a gold
standard currency which was followed by the major part of the Western world in 1873, and by the
United States in 1876.

During  that  period,  as  each  country  had  developed  its  natural  resources  in  a  world  where
competition was regulated for the most part as regards the producers’ home market by tariffs, but in
neutral markets was open, each country had created the facilities for financing its own development
and production, both by the natural acquisition of wealth and by demonstrating its wealth producing
potentialities to the satisfaction of its creditors; so that it was able to borrow on the expectations of
the future, and thus accelerate its natural: development.



This country was the largest creditor country during the century preceding the war; the result of this
slow but natural evolution of the volume of credit more or less proportionate to the volume of
production, was to maintain a world price level relatively stable and only variable with the increase
in the efficiency of production and the consequent natural reduction of costs as represented by the
reduction in labour per unit of product in terms of money.

As a result of the war the distribution of credit throughout the world was entirely deranged. In the
post-war years the policies  followed in regard to war debts,  reparations,  and as a result  of the
development of the spirit of nationalism to an intense degree, the erection of high tariff barriers in
an attempt by each country to render itself as nearly as possible self-sufficing, have had the effect
that none of the creditor countries except Great Britain was willing to accept payment of reparations
or war debts in goods or services - the only media in which indebtedness between nations can be
settled  -  for  an  indefinite  period  and  to  an  indefinite  amount  -  with  the  result  that  while  the
indebtedness remained and payment was exacted, the payments had to be made in gold, the world
stock of which was limited and has proved insufficient to meet the demands made upon it.

The  debtor  countries  being  themselves  on  a  gold  basis,  which  meant  that  their  currency  in
circulation was proportional in some pre-determined ratio to their gold reserves, were denuded of
their gold resources, and the volume of their currency in circulation was reduced, although owing to
increasing population their currency needs were increased. If the volume of currency in any country
is falling and its  volume of production is  increasing,  it  follows that since the products of their
industries and agriculture are much greater in relation to their currency in circulation, that their
commodities are worth less to their nationals in terms of money, than they would be if there were
sufficient  currency  to  finance  the  volume  of  their  production  at  economic  prices;  hence  their
shortage of currency produced a catastrophic fall in prices internally and internationally, since they
were  driven  to  endeavour  to  realise  on  their  produce  as  a  means  of  satisfying  their  needs  at
whatever price the world was willing to pay for them.

With the drift of gold to those countries which refused to accept payment of their indebtedness in
goods or services, namely the United States and France, all the debtor countries were in the position
of requiring to meet their national needs by realising their produce at whatever price they could
obtain for it, and since their trade was not only with the creditor countries, but between themselves
and in neutral markets, the natural result of such a forced realisation has been a world collapse of
commodity prices, to a level that has little or no relation to the cost of production in terms of labour,
even on a pre-war basis. While prices have also fallen considerably in the United States of America,
this has been due to the deliberate withholding of their gold from circulation to prevent an abnormal
rise above the world price level which must otherwise have occurred, but even more directly to the
collapse  of  a  speculative  boom  almost  unprecedented  even  in  that  country  in  magnitude  and
character.

Coupled with this general disturbance has been the position in Russia and China, and the decrease
in the purchasing power of India. The position in China and India has undoubtedly been aggravated
by the collapse in the value of silver, which has been brought about by the devaluation of silver,
resulting from the large surplus stocks of silver that have accumulated in this country and India by
the debasing of the silver currency in this country and the adoption of a gold standard for the rupee.

As a consequence, many hundreds of millions of ounces of silver have been accumulated and have
been placed on the market at different times without apparent regard to the influence that such
disposal would have on the world value of silver; thus, the purchasing value of the teeming millions
of China has been reduced by more than half in the past few years, and grave discontent has been
occasioned in India by the debasing of the value of the silver hoarded by the Indian people.



For this disturbing condition there would appear to be no real need; since the world production of
silver for the past 400 years has had a definite relation to the production of gold, in the ratio of
about 140z. of silver to one of gold, and the world has absorbed even in the last year or two, each
year, the full annual production of silver. Thus, it is evident that the collapse in the value has been
solely due to the disposal of the accumulated hoards of silver resulting from the change in the
British and Indian silver currency policies, which was followed by similar steps taken in French
Indo-China.

To this extent therefore, the depression in the last few years in the silver currency countries, appears
to be due to artificial  causes, which although requiring international action and assent for their
removal, could be readily adjusted. But dealing with the special problems of this country it will be
found  that  our  own  policies  have  contributed  in  no  small  measure  to  the  relatively  greater
depression which this country has experienced as compared with other industrial countries.

 
Between  1920  and  1929  all  our  principal  competitors  have  experienced  periods  of  very  great
prosperity, whereas this country has experienced an unrelieved period of industrial depression since
the Autumn of 1920. The difficulties of this country have thus been far greater than those of other
industrial countries.

The reasons appear to be that our earnest and well-intentioned endeavour to give a lead to the world
in the immediate post-war years, has resulted in imposing upon this country a burden greater than
its  economic  structure  can  support.  By  our  policy  for  settlement  of  war  debts,  whereby  we
undertook to accept from Germany only sufficient payments to pay our indebtedness to America,
which we had incurred on behalf of the whole of the allies, and otherwise by absolving our Allies
from their immediate indebtedness to us, we hoped to secure a general cancellation of war debts.
This has not yet eventuated, and we have therefore carried the heavy burden which we assumed by
this policy.

Whether rightly or wrongly in the individual cases, we have fixed the cost level of a number of our
services, such as the cost of Social Services and the sheltered industries, which are important factors
in our national costs of production, and these have been fixed without regard to our national ability
to support them.

The cost of Social Services, eminently desirable in themselves, is now three times what it was pre-
war, and the increase has added to the cost in the iron and steel industry some 2½ per cent. In
railway rates (railways being one of the sheltered industries) although the Railway Companies have
endeavoured to meet the difficulties of the depressed industries, the increases still represent in iron
and steel production costs an increase of 7½ per cent. as compared with 1913.

Again  in  1925  in  an  endeavour  to  secure  the  return  of  the  world,  particularly  in  competing
countries, to a gold standard and thus to reduce the chaotic condition. resulting from the different
price levels obtaining in different countries, as also the difficulties caused by exchange dumping in
this  country,  we returned prematurely as  it  transpired to  the gold standard.  Six months before,
industry had made urgent representations. That the return to the gold standard, and particularly the
revaluation  of  the  pound  would  have  very  serious  repercussions  on  the  competitive  power  of
industry,  reducing  our  export  trade,  subsidising  our  import  competition  and  increasing
unemployment, since it was considered (as indeed proved to be the case), impossible to reduce
wages and costs at that time proportionate to the increased purchasing power of the pound.

 
With the pound now released from the gold standard and free to adjust itself, at its real value to the
rest of the world, this difficulty is removed, but at the expense of the introduction of an element of
uncertainty in international commercial relations; therefore, the stable value of the pound must and



will  be  established  in  due  time:  whether  in  relation  to  gold,  or  whether  a  sterling  basis  for
international exchange will be established, time alone can show.

But the result of these three factors, Social Services, increased railway rates, and the revaluation of
the pound in 1925, placed a handicap, which was entirely outside the control of the industry, on the
competitive power of the iron and steel industry of not less than  some 20 per cent. But when in
addition to this it is borne in mind that the wage level between Britain and its principal competitors
was represented by the following :

and that 50 per cent. of the production of the industry was consumed in the home market, which
was open to all competitors, who were not subject in their turn to the same burdens of taxation as
industry in this country has suffered, as a result of our post-war policies, it will be realised that
British industry in the past ten years has been set an impossible task. It is true that the disparity
between British and foreign prices is reduced by our departure from the gold standard where our
competitors have retained it.

Industry is the foundation of our financial, social and economic structure. This is the most highly
industrialised country in the world with 28 per cent. of its population engaged in industry apart from
those  employed  in  agriculture.  Therefore,  the  financial,  economic  and  political  policies  of  this
country must be concentrated on securing an industrial policy that will ensure the prosperity and
continued development and expansion of our industries, without which this country must languish,
the standard of life of its people must be debased until it ceases to be the leading country in the
councils of the world.

The importance therefore of a constructive industrial policy to this country cannot be exaggerated in
the interests of our people, still less in the interests of the world as a whole, which is looking to this
country for a lead out of its present economic chaos.

National Industrial Policy

The first step is obviously to relieve industry of the heavy burdens of taxation and additions to cost
which have been imposed upon it as the result of our post-war policies. The only step that has been
taken  in  this  direction  was  in  the  derating  provisions  of  the  Local  Government  Act  of  1929,
whereby industrial establishments were relieved of 75 per cent. of their local rates. This amounted
to approximately 24 per cent. reduction in Iron and Steel costs.

But some means must be devised of reducing still further the burdens of transport rates, since the
assembly of materials and re-delivery of the finished product in the iron and steel industry represent
today approximately 25 per cent. of the total cost of the finished product.

The burden of social services can only be substantially relieved by restoring prosperity to industry
and  thus  reducing  unemployment;  relief  is  therefore  dependent  upon  the  application  of  other
methods  of  creating  conditions  within  which  British  industry  can  prosper  in  proportion  to;  its
relative efficiency.



Since efficiency of production depends on the maintenance of a volume of demand, which will
permit of the efficient employment of any productive unit, it is essential that at least equality of
opportunity shall be given to British industry in competition in those markets over which British
policy can exercise control. The restoration of the adverse trade balance which alone can maintain
the stability of the pound in relation to foreign currencies, also demands the restriction of imports
into the “British market, and therefore some form of regulation of imports must be adopted in the
immediate future.

As soon as national finances permit, British industry should be assisted to replace its productive
equipment out of revenue, by relieving all industrial reserves of income tax until they are distributed
to shareholders in any form, either dividends or bonus shares.

This is only a reasonable and equitable provision having regard to the fact that British industry was
severely penalised in the war and post-war years by the operation of Excess Profits Duty.  Our
industrial equipment was expanded to meet war needs, under war conditions and at war inflated
prices; the major portion of the cost of this expansion was left as a permanent capital charge on
British industry. This policy was entirely reversed by all our world competitors. In every case other
countries  relieved  their  industry  of  war  capital  burdens,  and  fostered  their  revival  by  tariffs,
subsidies, special railway rates and cash payments, which resulted in a largely expanded productive
capacity with all the latest improvements, built for peace development without any commensurate
capital responsibility.

International Policy

The first  international problem. requiring solution to which a British Government must address
itself, is that of establishing a basis of international exchange, whether by a reversion to a gold
standard, or the establishment of a sterling basis of exchange by agreement with other countries. It
is obvious that a reversion to a gold standard is only possible if agreement is reached with regard to
the re-distribution of the gold reserves of the world and the subsequent control of their distribution
internationally. For only by the lending of gold by the present creditor countries, notably France and
the United States,  to debtor countries, can the potential  demand of the debtor countries for the
products of industry and agriculture be made effective, and the recovery from the present general
world depression be ensured.

Such an  international  conference might  conceivably  agree  to  guarantee the  repayment of  loans
made  by  creditor  countries  to  debtor  countries,  and  thus  reduce  the  risk  of  default  by  debtor
countries, which appears to be the reason for lack of confidence on the part of those countries now
in a position to lend.

Further the adoption of some policy of import restriction whether by tariff or otherwise would give
to the British Government a power of negotiation both internationally and inter-Imperially which
should result in agreements securing for the products of British industry the entry to markets which
are now denied in whole or in part by prohibitive tariffs against them, and to develop inter-Imperial
trade by mutual tariff concessions between the Dominions and the Mother Country.

 
Such a development would promote a freer interchange of international trade and approach more
nearly, even though the advance might not be great, towards the ideal of international free trade than
has ever been possible for this country to achieve under the existing system.



Policy of Individual Industries.

As soon as  this  country attempts  to  control  under  present  world  conditions,  its  own economic
destinies by arming itself  with the means of negotiating reciprocal agreements,  this  will  render
possible a forward policy on the part of industry itself which has been quite impossible during the
post-war years. Profitable operation has been impossible for the reasons stated, confidence has been
destroyed and enterprise severely handicapped by a continuously falling price level due to an effort
to avoid bankruptcy rather than to increase productive efficiency.

As a consequence,  owing to the loss of competitive power the iron and steel industries of this
country have had to rely almost entirely on the quality factor in competition for the business they
have secured.

The  general  conditions  under  which  the  industry  has  been  working  have  actually  reduced  its
production in 1931 by more than 50 per cent. as compared with 1929, and the imports of foreign
material have exceeded the exports during the past year by not less than 550,000 tons. 

Every million tons of iron and steel imported into this country, at a conservative estimate, if made in
this  country from British ore and fuel  would find additional  employment for  40,000 men.  The
average  wage  of  these  men  is  upwards  of  £2  10s.  Od.  per  week  and  would  thus  amount  to
£5,200,000 per annum. The saving to  the country is  not more than an average of 30/-  per  ton
representing 1,000,000 tons (£1,500,000); thus, the country for every million tons imported loses
the value of the production of these men, which, at the value of their wages alone is £5,200,000 and
gains £1,500,000, a net loss of £3,700,000. Since upwards of 2½ million tons of iron and steel are
now being imported annually, the net loss to the country is on these imports alone over £9,000,000
per annum.

There is at least a prima facie case for saying that this could be retained particularly if producers
and consumers would combine their competitive power in the national interest, as many individual
concerns engaged in the exporting iron and steel industries, which claim to be dependent on foreign
imported material on the grounds of price have been and are successfully competing in the same
markets using British semi-finished iron and steel.

On the other hand, there is a volume of imports which are entirely different in quality, and in fact
are-not the same material in anything but name, which yet compete in this market to the detriment
of our industries, and this is particularly applicable to the wrought iron industries of Staffordshire
and the North. For this kind of competition, the education of the user through publicity based on
brands which shall be held to connote particular qualities, is the principal remedy coupled with
some regulation of imports where on balance the country as a whole would secure an advantage in
increased employment and income.

It is significant that in the year 1929, which was the best  year in the history of iron and steel
production in the world, the production plus imports into the British home market were together
equal to the productive capacity of the industry. Whatever advantage may have accrued from these
imports in assisting the finishing industries to retain their export trade, it is at least significant that,
in the same industries as imported the material, there was in every case a substantial proportion of
the productive capacity, which was in successful competition in world markets, while using steel of
British origin.

There was of necessity a difference in the margin of profit obtainable by the use of the lower priced
material from the Continent, but national considerations demand that the relative value of the profit



and employment thus accruing to industry from the use of material imported which can be produced
within the country, must-be balanced against the resulting gain in employment and reduction in
present loss to the country if such manufactures were produced at home. In making such a balance,
obviously the cost of unemployment resulting from either policy must be taken into account.

The difficulty in dealing with these questions on a national basis is that they are seldom or never
either expounded or discussed dispassionately apart from some particular vested interests and if we
are to achieve a successful industrial policy, such a policy must be formulated on the basis that the
interests of the nation as a whole must be supreme, even though the adoption of a particular policy
might involve an immediate hardship. In all cases such hardship should and would obviously be
reduced to a minimum, and the transitional period from one system to another must be, so far as
possible, governed by the condition that the prejudice to the individual interests should be reduced
to a minimum.

In any case it is a truism no individual can remain prosperous in a bankrupt community any more
than a nation in these days can remain prosperous or even solvent in a bankrupt world. Given the
conditions  which  will  create  the  necessary  confidence  on  which  a  development  of  industry
involving further expenditure of capital may be properly undertaken, it is pertinent to consider in
what direction industrial development should proceed, in order to adjust itself most effectively to
post-war conditions.

Consideration of the post-war position must not be limited or restricted by reference to pre-war
traditions or experience. In pre-war days the organisation of industry,  although tending towards
large  aggregations,  was  still  on  an  individualistic  basis.  Competition  was  of  a  straightforward
character and might be said to have depended for its success on the efficiency of the competing unit.
Whether  the  competitive  power  was  obtained  from  technological  superiority  or  some  chance
advantage arising from the control of the supply of raw materials or some similar factor, in any case
the limits of competitive power were bounded by the actual cost of production.

Competition for output regardless of cost, creating a general tendency to bankruptcy was unknown.
Unemployment had never reached the same relative proportions and therefore was not a factor
which threatened the stability of the social and political order; in these post-war days conditions are
entirely different.

As a result of war associations and requirements, and the immediate post-war adjustment to peace
conditions, large aggregations of productive capacity were formed under a unified control. The huge
inflow of capital for war expansion has resulted in the diversion of ownership of our productive
industries over a much wider area, and their control is no longer exercised by those who have their
own money largely if not entirely at stake.

This development is common to the industrial world, and in the iron and steel industry in particular,
although it has proceeded to a very considerable extent in this country, it has not reached the stage
of the huge aggregations which are the commonplace of America, Germany, France and Belgium.
Certain of  our  groups approximate in  size to  certain groups in  Continental  countries,  with this
difference that in France and Germany in particular, large groups have coalesced under a common
control as to policy, otherwise retaining their individual identity under unified management as in the
German Steel Trust, which now controls under one company a productive capacity nearly equal to
the  total  capacity  of  the  British  iron  and  steel  industry.  The  United  States  Steel  Trust  has  a
productive capacity of 25,000,000 tons per annum, being twice that of the British industry.



Complete unity of control of such huge aggregations of productive capacity are not so essential as a
unified commercial and productive policy where this can be attained without the difficulties created
by amalgamation.

It  is in the sphere of close co-operation for the development of markets and the distribution of
production among units specially designed for a limited range of products to secure the lowest cost
and the most efficient results, that probably the greatest and most rapid progress in organisation to
meet post-war conditions can readily be made.

Expressing a personal view, if the separate sections of British industry whether iron and steel or any
other  would organise a  collective  selling  association  controlled by a  Board with full  executive
powers and pooled their present selling expenses in a common endeavour, it would be possible to
maintain much more effective representation in the consuming markets of the world. in comparison
with our foreign competitors, than is possible under conditions where each individual constituent of
the collective effort is endeavouring to maintain his own representation in competition even with
others of his own country.

Representation in foreign markets is much better undertaken by men trained in our own industries
with a thorough knowledge of the processes through which the product passes before it is ready for
market, and even in those cases where adequate and competent merchant firms are available in
overseas markets, a representative having technical knowledge of the product should be stationed in
such markets, in order to assist with his knowledge the commercial representative in competing
with foreign products.

It cannot be too strongly emphasised that it is not always or even generally that the lowest price is
the  essential  condition  in  competition,  it  is  the  lowest  price  per  unit  of  service.  For  example,
wrought iron in many cases can be demonstrated to be the cheapest material for a given service over
a  long  period,  although  the  first  cost  would  be  much  higher  than  alternative  materials;  this,
however,  can only be demonstrated by those having a  technical  knowledge of the product  and
service under consideration. 

There is another important advantage in having technically instructed representatives in consuming
markets, they alone can demonstrate to the potential customer that there are uses and applications of
their products which the customer had never discovered for himself for lack of knowledge of the
product in question.

Far too often producers appear to consider that their selling responsibility is fulfilled if they meet
the demands made upon them by the market ; this is where selling commences not where it ends.

It is the function of a selling organisation to be always creating new outlets for the product with
which it  is  dealing,  not  the geographical  outlet  only,  but  outlets  in  the sense of new uses  and
applications, and it is to this aspect of the commercial side of industry that attention should be
directed by those technically instructed and highly educated young men we are hoping to see take
up an industrial career. Such a career seems to promise even more for them in the future than ever in
the past. With industries organised on a national basis for common action in marketing and the
distribution of production, participation in international industrial agreements becomes possible.

Under present world conditions where commodity prices are at  a level lower than their cost of
production in  most countries,  the methods of adjustment  involve as we have said international
control  of  monetary  policy.  But  much  can  be  done  by  individual  industries  co-operating  with
industries of a like kind in all countries of the world and arranging a co-ordinated policy for the
development of consuming markets and the maintenance of an economic price level, such as has



been attempted in the International Steel Cartel, the parties to which are France, Germany, Belgium,
Luxemburg and the Saar. 

The cartel was designed to limit production to demand on a quota system involving payments into a
common  fund  for  every  ton  produced,  fines  for  exceeding  the  quota  and  compensation  for
deficiency in quota during the accounting period, which was usually quarterly.

But this cartel did not succeed in controlling the price level and its failure to do so has jeopardised
its continued existence.

It has, however, continued in being with varying degrees of success and substantial modifications to
its original form, since September 1926, to the present day. Much can be said under existing world
conditions in support of the suggestion that the cartel should be made comprehensive and effective
by including Britain and America. Under conditions that have obtained since the war in this country
the British industry had no solid basis of negotiation on which to found a quota reasonable in any
degree in relation to its productive capacity. The price level in Britain due to various causes already
mentioned was much higher  than the Continent,  and as  a  consequence British industry had no
negotiating power so long as this country supported an unrestricted market for foreign imports.

Similar potentialities of even greater value are open to us in the Dominions throughout the Empire
wherever there exist industries of a like kind. The British Iron and Steel industry has adopted the
policy of co-operation not competition within the Empire, and has established close relations with
India, Canada, Australia and South Africa, and the Empire industries are eligible for membership of
the British National Federation of Iron and Steel Manufacturers.

In principle the idea of co-operation is fully accepted by the British Iron and Steel manufacturers
and is under sympathetic consideration by the Dominion industries concerned. Since the Empire
market represents upwards of 50 per cent. of the British Iron and Steel exports, such an agreement if
it could be made effective, would be of incalculable benefit to the Iron and Steel industries of the
Empire.

It is, however, much easier to think big than to act big since the first involves no sacrifice, and the
second always some sacrifice on the part of all parties, but at the worst it is a small sacrifice in the
immediate present as a price to be paid for a secure and expanding future.

Modern problems require that we should be receptive of new ideas and have the courage to take
those risks which while they may involve us in some mistakes,  will  in the long run solve our
immediate difficulties and bring about that renaissance in industry which I at least am confident is
overdue. Even through our mistakes we shall find the ultimate solution of our problems. It was not
by refusing to take risks that those who went before us created the greatest industrial nation the
world has ever seen.

Industry is  indeed the foundation of the economic and financial  life  of this  country; as I  have
shown, the foundations have been badly shaken by our post-war policies, which, however well-
intentioned in other directions have neglected the welfare of our industries and agriculture.

Industrialists cannot afford any longer to ignore the influence of national policy on their well-being.

It is essential that the workers understand that their standard of life and well-being depends on
prosperous industry, and on that alone. There is no means by which more may be extracted from
industry than is put into it, but there is every prospect of a prosperous future for British industry if
post-war problems are attacked with imagination, determination and courage. If we do not see a



renaissance of British industry, it will only be because we have not proved equal to seizing the
opportunities now presented to us.

As has been said let us seek a liberation of the National Spirit from the deadening superstition that
trade must take its course.



RESEARCH AS REGARDS THE IRON AND STEEL INDUSTRY.

Dr. W. H. Hatfield.
Director of Brown-Firth Research Laboratory, Sheffield.

(Inaugural Lecture given to the Midland Metallurgical Societies at the James Watt Memorial
Institute, on October 4th, 1934. Mr. H. E. Cookson being in the Chair, and some 70 persons

present.)

I always look forward to a visit to Birmingham, and when you invited me to come down and give
this address, I wrote to say that I should be very pleased to do so.

On former occasions, I have taken some specific section of metallurgy and dealt with it in detail; I
hope to do that to-night with several sections, if I have time, but having been invited to deliver your
Inaugural Address, I thought it was a suitable opportunity to answer this question:- “Are we in
Great  Britain doing all  that we should do from the technological and scientific aspects for the
progressive welfare of our industry?”

I have great interest in answering that question for you to-night. One hears so much of what is being
done on the Continent and in America and so little of what is going on in this  country that it
becomes necessary to correct the idea, which appears to exist in the minds of some people, that the
Iron and Steel Industry of this country is somewhat lethargic in its efforts to keep level, if not ahead
of other countries. It is imperative in the first place that what is being done to ensure adequate
progress within the industry should be more widely known and I shall be able to show you that we
can  he  very  proud  as  a  nation  of  what  Great  Britain  is  doing  as  regards  research  in  ferrous
metallurgy. We have very great resources as a nation, and, one might add, a good deal of resource
also,  and in our typically British way our industry has replied to the collective efforts  in other
countries by devising the British Federation of Iron and Steel Manufacturers.

This is a body of the type which may be described as indigenous to our country, in so far as it has
two jobs. The first aim is collectivism in the sense that the constituent firms within the industry
shall be as helpful as possible on all grounds where mutual assistance can be rendered; and yet
withal those constituent firms shall preserve their individuality, their power of self-expression and
self-expansion. I believe that a careful analysis of the mechanism of the Federation and the manner
in which it is run, will show you that those two conditions are adequately fulfilled.

Coming to the specific question of research, I should like to explain that the British Federation of
Iron and Steel Manufacturers has its Research Council,  and that this Council, acting with funds
drawn in  part  from the  Department  of  Scientific  and Industrial  Research  and in  part  from the
industry, is able to give very adequate assistance to those collective researches which are found
necessary in the interests of the industry.

Not only is the Federation Research Council provided with what must be regarded by reasonable
people as adequate finance, but the Research Council has a most delightful relationship with the
Iron and Steel Institute, the National Physical Laboratory, and with all the other large centres of
metallurgical  research  such  as  those  of  the  Universities  and  Technical  Institutions.  To-day  the
collective effort on the part of the Industry, the Universities, and such Government Institutions as
the National Physical Laboratory and the Research Departments of Woolwich Arsenal, Greenock
Torpedo  Factory  and  the  Farnborough  Royal  Aircraft  Factory,  are  all  correlated  with  research
problems. I am pleased to have the opportunity of stating these facts because I do not think that the
extent to which this work is being pursued is sufficiently widely known.



Figure 1 is  a diagram showing the relationship between the industry and the various  Research
Institutions.

From a study of the plan (Fig. 1), we see the linking up of the various organisations. The work of
the Iron and Steel Industry, through the Research Council of the British Federation of Iron and Steel
Manufacturers is co-ordinated with that of the Universities whilst many of the Research Institutions
connected with the Industry, by unhesitatingly contributing the results of their own researches, also
come into the plan. The Iron and Steel Institute, which has kept the flag of metallurgy flying long
before modern research became practicable, is also linked up and the Government connects with
them through the Department of Scientific and Industrial Research and the Metallurgical Research
Board.

The result of this co-ordination is co-operated research. The Government Departments concerned in
this scheme, are the Research Department, Woolwich, the Torpedo Factory at Greenock, and the
Royal Aircraft Factory at Farnham. Complete co-operation exists between all these bodies.

These organisations work through numerous committees (Fig. 2).

A considerable amount of work on coal and coke has been done by the Regional Coke Research
Committees.  The  Blast  Furnace  Committee  is  doing  invaluable  work;  the  investigations  of
Professor  Bone  and  his  assistants  have  thrown  considerable  light  on  the  chemical  reactions
occurring during the reduction of iron ore to iron, and they are now endeavouring to apply their



findings  to  actual  practice.  This  Committee  has  also  several  sub-Committees  dealing  with
specialised aspects of the work, as for example refractories.

As regards the Open-Hearth Committee, a number of firms are contributing their knowledge to the
common pool and here again, two sub-committees concerned with instruments and refractories are
working in close co-operation with the corresponding sub-committee on Blast Furnace Practice. 

The Rolling Mill Practice Committee is in collaboration with the British Steelworks Association
whilst a Standing Costs Committee has been inaugurated as it has been realised that the quantitative
economic point of view must be considered. The Committee on the Heterogeneity of Steel Ingots is
still at work and collaborates with the Open-Hearth Committee on problems involving pure science
since the Open-Hearth Committee is concerned primarily with the practical application.

The problems relating to the measurement of liquid steel temperatures, are being considered by the
Pyrometric Sub-Committee which is also in collaboration with the Open-Hearth Instruments Sub-
Committee. The former are endeavouring to find some means of overcoming the difficulty which
arises from the fact that, although they can measure the temperature of the steel when it is out of the
furnace, they cannot do so while it is still in the furnace. For the moment, our pyrometer is really
the slag and the roof and walls of the furnace as affected by the heat as judged by the eye of the
skilled  melter.  This  is  not  sufficient  and in  time we hope to  provide  some different  means of
recording temperatures under such conditions, in a quantitative manner, which can be referred to the
absolute scale of temperature. The Steel Castings Committee has already published one report and
is  still  carrying  out  most  constructive  research,  most  of  which  is  being  carried  out  either  at
Woolwich  or  Sheffield.  The  work  of  the  Corrosion  Committee,  of  which  Dr.  Hudson  is  the
investigator,  will  be  referred  to  later.  The  South  Wales  Siemens  Steel  Association  Research
Committee is engaged on the problems involved in the production of heavy steelwork, whilst the
Welsh  Tinplate  Manufacturers’ Association  has  also  formed  a  Research  Committee.  A Smoke



Abatement Research Committee is tackling the problem of the prevention of excessive domestic
smoke.

The committees  themselves  consist  of  about  twelve  members  drawn from representative  firms.
They meet once a month, and their deliberations are most effective. When everyone is putting his
cards on the table the information obtained is much more useful, whilst meeting in a committee
room under congenial conditions, the exchange of ideas is much freer. Anyone who has sat at any of
these Committees, among his colleagues from the industry, must realise that many of the problems
investigated could not possibly be tackled successfully save by such collaboration. .

I  want  to emphasise very strongly the effectiveness of this  mutual  help within the industry on
problems such as those indicated in  my talk so far.  Membership of these committees does not
restrict the individual in applying research in the home laboratory to the specific needs of his own
Company. As one accustomed to direct research in industry, I can assure you that in an industrial
research laboratory a very large proportion of the work is necessarily given over to dealing with
everyday problems peculiarly applicable not only to the particular firm, but also in relation to the
plant operated by that specific firm. Every firm has its difficulties and, of course, it is the job of the
research laboratories to deal with the difficulties of their customers as regards the application of
their products.

Therefore, the research laboratory of a specific Company has its work largely cut out in dealing
with its domestic problems. Certainly, no research laboratory of that kind is functioning properly
unless at the same time, arising out of the difficulties of its own Company, it puts into operation
scientific investigations intended to apply peculiarly either to the processes or the products of its
own Company.

Such are the functions of the research laboratories within the industry, and you will see that there is
plenty of room and every need for the collaboration which has been designed by the Federation for
dealing with these general matters.

The work of the Ingot Committee has been very fruitful, in so far as we have been able not only to
explore the internal structure and properties of all shapes and designs of ingots, in most kinds of
steel, but to determine the degree of heterogeneity; that is, the variations in the composition of the
steel within the mass. Reference to the various reports of the Committee will show that data are now
available indicating the degree of variation which can reasonably be expected.



Figure 3 shows examples of two 2-ton ingots from which the feeder heads have been removed.
There is very little variation in the carbon content. Samples are taken on the axis of the ingot and
always at different positions (illustrated by the points E, G, D, A, F, C, B), and by standardising
these different positions over a number of years, it has been possible to get comparative data.

During  the  casting  of  a  number  of  ingots,  naturally  the  steel  loses  heat,  and  the  Committee
wondered whether the loss of heat during the casting had any effect upon the size or manner of
formation of the crystals of which the ingot was composed. Two ingots were taken from one cast
and one was cast 40°C. higher than the other. The feeder heads were removed from the ingots, the
sections polished and etched, and then by the naked eye one could make out the various crystals of
which the ingot was composed but it was impossible to photograph them. We therefore arranged for
a particularly intelligent young investigator to reproduce every crystal by a tracing method. In the
ingot cast 40° higher than the other one, you have a zone of very big crystals, whilst in the ingot
cast colder, there is a very much smaller zone of these big crystals.

Further it was observed that in the hotter ingot, big columnar crystals extended into the surface of
the ingot for something like two inches, but that these did not appear in the ingot cast at the lower
temperature. Moreover, the dark zone of very fine crystals (at the base of the ingot) extended for a
very much greater section in the cold cast ingot. Presumably the fall in casting temperature has been
largely responsible in preventing the formation of the columnar crystals from the mould surfaces
and reducing the mass of large crystals in the upper portion of the central zone. A fair deduction
would be that with a still lower casting temperature, the whole ingot would have been a relatively
uniform block of small crystals.

As a matter of fact, the Committee has been successful in casting such an ingot and it was proved
that, under certain conditions, it is possible to cast an ingot which will consist entirely of equiaxed
crystals. Under such conditions, the question of heterogeneity scarcely exists as the spontaneous
crystallisation leads to complete freezing throughout the mass without allowing any opportunity for
the differential freezing which normally takes place.

Therefore, you will say, the problem of producing the perfect ingot is solved. But this is by no
means the  case.  Under  certain  conditions  which  can  occasionally  be  fulfilled,  it  is  possible  to
produce a perfect ingot, but you are faced with the fact that if, for example, you have a 50-ton
furnace and pour 2-ton ingots, even with one heat you must have a variation in casting temperature
and in a large measure some variation such as that which I have put before you in the foregoing
illustration.

When ingots are reheated for forging or rolling and they are raised to a very high temperature, a re-
crystallisation takes place. The fact always remains, that if ingots are cast under conditions in which
a large central area of big crystals is obtained, occasional planes of discontinuity occur between the
crystals and these form defects in the subsequent material unless, of course, those defects weld up
again, which is a subject with which I do not propose to deal to-night.

If you take the whole of the facts which you can obtain as regards variation in composition in ingots
and endeavour to  plot  the data,  you find that  the ingots can be planned somewhat  in  the way
illustrated in Fig. 4. 

From this illustration it will be seen that the ingot contains several zones of varying impurity, there
being an impure zone at the top, another extending down into the ingot along the lines which we
know as “A segregation” and curiously enough a relatively pure portion running round the outside
of the ingot which compares with “Zone 4” inside.



Owing to the laws of freezing, heterogeneity in ingots is found to follow a very definite and defined
plan. Thus, in the production of very big and highly stressed forgings, by taking these laws into
consideration, one can ensure that those parts of the forgings which must be absolutely beyond
doubt come from the best portions of the ingot.

There are many types of steel ingots, and the next illustration (Fig. 5) shows some characteristic
ones. So far, I have only talked of “Ingot 1” made from solid steel, but the bulk of the steel which is
produced is manufactured from material which, on solidification, freezes in either of the different
ways  shown  in  examples  II  to  IV;  that  is,  ingots  containing  many  blowholes  and  (owing  to
differential  freezing)  steel  of  entirely  dissimilar  composition  in  juxtaposition,  as  shown in  the
following illustration (Fig. 6).

If a section is taken from a very low carbon, highly oxidised basic open hearth steel ingot, instead of
those various zones of different composition which i have shown you in the case of solid steel, two
principal zones are visible. This is a picture of the same ingot in each case. The ingot has been cut
along its axis. The piece of metal produced has been polished and a sulphur print taken.

We find a very pure, solid rim, some two or three inches thick, constituting the outside of the ingot,
but the inside of the ingot is a highly segregated material rich in sulphur and containing many
blowholes. Of course, when that is rolled into bar the outside is very good. When it is rolled into
sheet, the same is the case, and much of the deservedly high reputation which this material has, is
not due to the average composition or average properties, but to the fact that this thick outer rim
provides very pure external surfaces on the product, thus giving the desired properties. If it were the
inside of the ingot that were exposed, the tale would be very different.



It  may be  asked:  Why this  difference  between the  last  two illustrations  and the  ingots  shown
previously? Why is there this rim of pure steel surrounding an impure centre? I must admit that in
spite of our investigations, although we now know how to produce this steel, we are still unable to
explain the presence of this rim of pure steel. It has been held that owing to the high gas content of
the liquid. Steel on freezing, the gas which is given off in proximity to the walls of the mould goes
inwards and drives the impurities into the centre of the ingot, but it is very difficult to explain how,
at the same time, such an action should carry the carbon into the centre, since the carbon is in
solution as carbide.

Whilst we cannot with any certainty assert the fact, there is a feeling that the explanation is, that in
the very low carbon material, in which the “rimming” effect is most marked, it may be that the steel
first freezes as delta iron which, having similar characteristics to alpha iron, contains very little
carbon in solution. This theory would certainly account for the low carbon content but would not
quite explain why the outer rim is so low in sulphur and in oxides.

So, we are faced, from a scientific point of view, with a very interesting problem for the future;
namely, what is the true explanation of the structure of a rimming steel ingot?



I should now like to refer to the work of the Steel Castings Committee. You will have noticed in the
photographs which I have shown that the ingots have been of the most simple design. Ingots of
solid steel are generally rectangular in section, and the sectional area is greater at the top than at the
bottom. In other words, in the production of steel ingots everything is subordinated to the one idea
of making the ingot sound and this leads to simplicity of design. Yet, when we come to the foundry,
the man in the drawing office has the problem of producing a piece of metal as cheaply as possible
for a given purpose and it is often found that his idea can he achieved by a very complex design
which does not take into account the problem of manufacture. He can make a pattern and cast the
steel to that shape but what does it involve?

I wonder how many realise the magnitude of the work of (he Corrosion Committee which is carried
on under the able direction of Dr. Hudson. At the present time there are about eight types of steel
under  investigation  on  the  corrosion  fields,  and  another  eight  types  in  preparation,  whilst  Dr.
Hudson has been responsible over the last six or seven years for placing upon our corrosion fields
something like 30 tons of specimens.

Our corrosion fields are not only in this country, but are to be found in Europe, Africa and Asia. We
have a number of stations in England, since in our own country we have industrial and very pure
atmospheres. In the British Isles, however, we do not get any great variations in temperature, so we
have established one station within the Arctic Circle, one at Bazra at the head of the Persian Gulf,
and others at Niagara, Khartoum, South Africa, Singapore and in various other districts.
We have a very powerful Committee in which the whole of the industry is represented; the Services,
Government departments, the Railway and Shipping world – everybody collaborating, and in this
country we have now in progress a Research on the corrosion of steel the like of which, it is safe to
say, has never been put into execution before.

One of the essential features of this great corrosion research is that, in this case, no steel is being
tested upon the corrosion grounds unless the Committee has a complete knowledge of the history of
the steel, including such details as the furnace reactions during melting, casting temperature, size of
ingot and rolling temperature. Unless the whole of the conditions of manufacture are recorded to the
satisfaction of the Committee, the steel is not considered adequately classified for this extended
investigation. We want, once and for all, to determine what is the resistance of steel to corroding
influences  -  to  the  corroding  influences  of  marine  conditions,  industrial  atmospheres,  Arctic
conditions, tropical conditions, the humid conditions of India and I hope Dr. Hudson will live long
enough to complete the work which has been sketched out, It is so easy when you sit round a table,
with  men  who  understand  the  job  with  which  you  are  dealing,  to  evolve  more  and  more
modifications and tests and it seems to me that, although Dr. Hudson and the Committee and myself
have inaugurated this big piece of work, it is quite possible that in another fifty years the work may
be still continued. We are, in fact, laying the foundations as well as we are able, so that, if we cannot
complete the work, those who come after us will have the advantage of possessing full details and
complete technical data. Many of you know how many fine researches during the latter part of the
nineteenth century were executed and many valuable discoveries made with materials of unknown
origin.  Even the  outstanding work on magnetism was  done on a  piece  of  steel  bought  by  the
investigator. He did not know, as we know, how much the conditions of manufacture may effect the
very properties under consideration and, therefore, unless one goes right back to the melting furnace
and the composition of the basic materials, the ultimate researches lose much of their value.

The Corrosion Committee is not content with what might be described as large scale laboratory
experiments, but actually, sleepers have been put down in special steel on long tracks of railway
line. We have long stretches of line up and down the country, and observations are made, on an
industrial scale, as to how the steel is behaving.



We have had one of His Majesty’s cruisers in dock to examine for corrosion, and we have examined
several ordinary merchant ships.

The Committee have been extremely fortunate in having under observation a barge, 100 feet long,
built of plates manufactured under their control, and so our work progressively extends from the
laboratory,  through  the  large-scale  experiments  of  the  corrosion  fields,  to  the  actual  service
conditions on ships and other large parts with which the steel is ultimately concerned.

I  should  mention  that  there  are  sub-committees  of  the  Corrosion  Committee;  for  example,  the
Laboratory Committee under the chairmanship of Dr. Ulick R. Fvans. If only you can get Dr. Evans
talking on the “passive film,’ you will have a most interesting evening. Dr. Evans can claim rightly
that he was the first, after a hundred years, to establish by practical experiment that the theory put
forward by Faraday regarding resistance to corrosion is correct. Faraday said that in his opinion it
was  the  formation  of  an  oxygen-containing  layer  which  inhibited  corrosion  under  certain
conditions. He said that in 1832, but the world forgot it for eighty or ninety years. Comparatively
recent work caused people to think again on those lines, and Dr. Evans decided to investigate this
theory and he proved, most convincingly, that passivity is brought about by the formation of an
oxide film, by actually isolating the film; hut I will leave it to him to describe that experiment to
you.

A good deal of work has been done by the Laboratory Committee on devising means of rapidly
testing the relative corrosive value of different materials.

     

Table  I  bears  on  another  phase  of  corrosion  in  which  I  am particularly  interested,  that  is,  the
question of resistance to acids under industrial conditions in chemical plant and the like. These data
emphasise the fact that if you are asked whether a particular steel will resist a certain acid you
cannot give a definite reply. You must first know the strength of the acid; at what temperature it is to
be used and other governing conditions.

A number of experiments have been done on various strengths of acid, from 0.25% up to 95%, at
temperatures  from 20°  up  to  boiling  point,  and  it  is  only  in  a  particular  area  where  you  get
resistance. If you add nickel and chromium and perform similar experiments, you get different areas
resisting (Table I.).

Corrosion is a very big subject, and I feel it is of all subjects the one which can be most profitably
followed by those interested in iron and steel. If you cannot modify the properties of ordinary steel



without increasing the cost, you can at any rate learn why the steel corrodes and how it may best be
protected; and in that particular direction the work on which Dr. Hudson is engaged will be very
valuable in so far as it has already shown that there is a great difference in the results obtained from
different methods of applying the paints, and from the various kinds of paints employed.



THE CONSERVATION OF NATURAL RESOURCES

 Dr. C. H. Desch, F.R.S

(Report of Meeting of the Midland Metallurgical Societies held at the James Watt Institute,
Birmingham on 29th September 1942.)

The term “natural resources” is used in this paper as having a wider scope than raw materials, whilst
the word “conservation” implies that the policy to be discussed is one for the future and not for a
time in which resources are being unavoidably squandered in Warfare. That there is an international
problem of raw materials arises from their very unequal distribution on the surface of the earth and
between different nations.  The fourth aim in the Roosevelt-Churchill declaration of the Atlantic
Charter  is  stated  to  be  “........  to  further  enjoyment  by  all  States  great  and  small,  victor  or
vanquished, of access on equal terms, to the trade and raw materials of the world which are needed
for their economic prosperity.” Although this statement has to be seen in the light of the qualifying
phrase, “with due respect for their existing obligations,” it must be accepted as an ideal aimed at by
the  Allied  Powers.  This  implies  a  full  collaboration  between nations  in  the  control  of  primary
products  and  their  distribution,  which  cannot  be  left  to  the  chances  of  speculation  or  to  an
exaggerated economic nationalism, It may therefore be assumed that some kind of international or
possibly super-national authority will be set up after the war, charged with this task.

Special importance has been attached to one class of raw materials, namely minerals. As no State or
Empire is  self-sufficing in  regard to essential  minerals,  this  fact  has been made the basis  of  a
proposal to apply pressure to aggressor nations by a combination of all neutrals to refuse supplies of
these minerals.

There is another aspect. Minerals, which become increasingly important to a State as it becomes
more  highly  industrialised  are  not  inexhaustible,  and  for  some  of  them  the  probable  time  of
exhaustion can be foreseen. Another class of natural resources, soils, may be ruined permanently by
a reckless policy of development,  Others, although capable of replacement,  such as forests, are
being destroyed at a greater rate than that at which they can be replaced

A League of Nations Committee reported in 1937 on the problem of raw materials, and that report
contains an admirable memorandum on the development of the world production of those materials
by Prof, Hogbom, of Stockholm, 1 am much indebted to his analysis of production and trade. The
paper issued by the Information Department of the Royal Institute of International Affairs contains
very full  and recent statistics of all  important materials, inorganic and organic,  allotted to their
respective producing countries. There is also a large American literature owing its origin mainly to
the consideration of strategy.

Some classification of natural resources is desirable. Understood broadly, they 
must include soils as well as mineral deposits, sources of power and agricultural products. The
inequalities in the distribution  of natural resources are then very evident. Great regions of the world
are barren on account of climate, although attempts are being made, especially in Russia, to utilise
even Arctic wastes.

The unequal distribution of minerals is equally striking.  The barrenness of soils is occasionally
offset by the abundance of mineral wealth, but huge areas, such as the deserts of central Asia and
the Sahara, are, as far as geological surveys indicate, barren also of mineral deposits. Most deposits
of metallic ores are concentrated in bands adjoining the two great oceans. The exceptions are certain
inland mountain regions. It is in these regions also that the chief consumption those resources takes
place, on account of their high degree of industrialisation. Nine-tenths of the coal, two-thirds of the



copper and 98% of iron ore consumed in the world come from countries bordering on the North
Atlantic.

The natural resources to be considered fall into four groups:- (a) soils, (b) sources of power, (c)
mineral deposits other than those falling under (b), and (d) agricultural products in a wide sense,
including cultivated crops and animal products, and also materials derived from, for example, virgin
forests.  (c)  and  (d)  are  included  under  the  term raw materials.  These  resources  may  again  be
classified into those which, once consumed, can never be replaced, and those which are renewable,
either annually, as most agricultural crops, or after longer intervals, as timber. In making use of the
first  we are living on capital,  whilst  in using the second we are only consuming income. This
distinction has been too often lost sight of, and even apart from the exigencies of war there has been
a tendency to draw excessively on capital  where it  would have been more economical  to  give
attention to increasing income. Agriculture has been frequents sacrificed industry and to mining,
and the problem of Conservation is largely one of preserving a proper balance between them.

The soil, the principal asset of an agricultural region, is a gift of nature, but it may be altered for the
better, or unfortunately frequently for the worse by the action of man. A poor soil may be made
fertile by cultivation, as is so well seen in the sandy plains of Northern Germany, or on the other
hand, cultivation continued for a long time may diminish the fertility, That soil may be preserved
intact is seen in China, Where owing to the restoration of all waste matter to the soil the fertility has
been  maintained  unimpaired  for  4,000  years,  while  supporting  an  immense  population.  The
opposite extreme is seen in the disastrous soil erosion which has attracted much attention in recent
years but the seriousness of which is perhaps not generally realised,

Mining operations are responsible for destruction on a very extensive scale. Virtually uncontrolled
mining of coal carried on during the 19th century caused subsidences which show themselves over
large areas in the North and Midlands of England, which are now covered by stagnant water or rank
marsh, whilst the waste which once occupied much of the volume underground has accumulated as
unsightly heaps, both being useless for any purpose, except in a few local areas where afforestation
has been carried out  on some of the older and well-weathered spoil heaps. In Germany, where land
has been regarded as more precious, regulations requiring the replacement of spoil underground and
other measures have considerably lessened the evil,
other measures

The hydraulic mining of gold has been the cause of devastation on a much larger scale, but the
scandal in the Western States became so great that steps have been taken to control it. Hills once
covered by forests were washed down by powerful jets of water and the debris was carried down to
lower levels, covering agricultural land with deposits of gravel, blocking streams, and so forming
large areas of marsh. The conflict between the mining and agricultural interests  involved much
litigation.  In  our  own country  there  is  a  great  contrast  between  North  Lincolnshire  where  the
agricultural soil has been stripped off and replaced after the horizontal bed of ironstone has been
worked, so that the growing of crops is resumed at a lower level, and Northamptonshire where large
areas of fertile land are being reduced to desert.

Passing from soils to sources of power, these fall into two groups, renewable and non-renewable.
Those which cannot be renewed, but which are the most extensively used include coal, mineral oil,
and natural gas. The renewable sources include water power, the direct use of solar radiation, and
fuels of present-day vegetable origin, such as wood and alcohol. All of these owe their origin to
solar heat, and represent stored solar energy, but whilst coal and oil were formed in past geological
ages under conditions of an exceptional kind and are not being renewed, the others may persist from
year to year without diminution. Coal and oil are considered along with the metallic minerals. Water
power is most familiar where high rainfall or snowfall occurs in places high above sea level, so that



the fall may be utilised in turbines. This development has been responsible for the setting up of
important industries in regions devoid of coal, such as Norway and Sweden and the Pacific coast. It
is perhaps speculative to refer to the direct use of solar radiation, obviously impracticable in so
cloudy a country as ours, but success in steam raising has been attained on a small scale in Egypt,
and with the facilities given by the transmission of power by high tension lines it is even possible to
picture the Sahara as a source of power for export, in spite of formidable engineering difficulties.

After soils and sources of power we come to consumable materials - food, textile fibres, timber,
etc., together with mineral deposits. All of these except the last may be renewed by cultivation.
Wood is used in forest countries as a fuel but cannot form an important factor in power resources.
With the exhaustion of mineral oi] supplies, however, alcohol from the fermentation of vegetable
products, may become an appreciable factor in the supply of motor fuel, for which it is well suited,
always remembering that it has to compete with the production of food. Some plants which grow
freely in tropical countries, unsuitable for food, may be utilised for the purpose

The use of metals on a vast scale is of recent date. Each new industrial invention has caused a
demand for some mineral, and as the invention is developed and extended to new countries that
demand grows at an Increasing rate. The steam engine caused the demand for coal, the internal
combustion engine that for oil, the electrical power industry: enormously increased the demand for
copper;  the advent  of aircraft  stimulated the then recent production of aluminium and the later
manufacture of magnesium, still in its initial stages. When a curve is drawn showing the production
of a given mineral in successive years, it is seen to become progressively steeper, and it would be
rash to attempt a prediction of its future course. Thus, it was estimated a few years ago that the
United States coal reserves down to a limited depth, would last 6,000 years if the annual output
remained constant, but only 200 years if the then rate of increase of output was maintained. With
such wie limits,  prediction would seem impossible.  Sir  Thomas Holland has computed thst  the
quantity of minerals taken out of the earth during the first quarter of the present century was greater
than that raised in the whole previous history of the world or say 6,000 years since copper was first
mined.  Since  then,  the  acceleration  has  continued.  Hogbom  has  shown  that  after  an  Initial
development, which may be irregular, there is a tendency, for each industrial mineral to settle down
to a steady rate of Increase, the output always doubling itself in a fixed number of years. When in
fact the production is plotted logarithmically against the time, a quite surprising approximation to a
straight line is obtained, undisturbed by temporary fluctuations.

 Thus, taking the figures for the period from 1860 to 1914, and which are illustrated in Fig. 1,
the output of coal including lignite, doubled itself in rather under 17 years, pig iron at the same rate,
copper in 12 years and tin in 18 years. Petroleum reached steady rate of increase about 1890 and
since then has doubled its production each 8½ years. From the time of the Great coal has shown
little  increase,  being  largely  displaced  by  oil  and  by  water  power,  whilst  the  rate  of  increase
petroleum has been maintained, allowing for a temporary fall during the industrial depression of the
early thirties. Whist it would be rash to say that such a rate of increase will be maintained another
century, it has to be remembered that the standard of living which calls for such a consumption of
metals and of power, as yet applies only to the Western Nations. China consumes little metal, its
vast population  making use of renewable natural wealth rather than drawing on mineral capital, but
it represents a vast potential consumption, and the same may be said of India and, perhaps in a more
distant future, of Africa. It can therefore be assumed that the present rate of stable increase will be
maintained for the principal minerals. What changes in their relative importance  may be brought
about by new inventions it is impossible to say. It is, however, likely that the demand for the rarer
metals  will  increase relatively more  rapidly,  on account  of  the  increasing  use  of  alloys  having
special properties.



Estimates of ore reserves are always very speculative, unless limited to particular deposits which
have been thoroughly surveyed. The total quantity of each element in the earth’s crust, down to a
fixed depth has been estimated with some accuracy, and the figures are rather surprising. It appears
that nickel is 10 times more abundant than lead and 50 to 100 times more than tin. Vanadium is
more abundant than copper. But it by no means follows that they can be recovered in that order. For
the most part metals are disseminated through the rocks in scattered particles or held in very dilute
solution, and in that state they cannot be industrially extracted. They naturally vary very widely in
the concentration which it is possible to work at a profit. The gold of the Rand can be worked when
the ore contains one part  in 150,000, whilst  some alluvial deposits can be worked in hydraulic
mining  when  they  only  contain  one  part  of  gold  in  3  million.  On  the  other  hand,  a  deposit
containing 20% of iron is looked on as a poor ore. Both the value of the metal and the difficulty of
extraction are factors in determining the availability of a deposit. Most metals can only be extracted
where their ores have been concentrated by some geological action. Nearly 90% of the world’s
nickel comes from a single huge deposit in Ontario, and there are few other available sources. The
deposits of tin are also highly local.

The prospects of finding large new deposits although still an important factor, become progressively
less as the area of the earth which has not been surveyed by competent  geologists  diminishes.
Certain areas are still unknown, such as the great region of primitive rocks in Canada which is still
covered by dense forests,  and such discoveries  as  that  of  the Sudbury nickel  deposits  are  still
possible, but even allowing for this the increase of output must come mainly from more efficient
mining and, in due course the working of poorer ores. This last becomes more and more possible as
methods of concentration are perfected, allowing of the separation of the valuable mineral from the



so-called  gangue.  Mechanical  concentration  is  as  old  as  mining,  but  the  methods  are  being
constantly improved, and such as the revolutionary invention of froth flotation, first introduced in
the treatment of the Broken Hill lead and zinc ores, has enormously widened the possibilities of
extracting  metals  from  ores  of  low  grade.  A further  increase  is  obtained  by  deeper  mining,
involving, however, much increased capital and working costs.

Direct use for armament purposes accounts for a smaller proportion of the commoner metals than is
often supposed, in a prolonged war like the present, however, there is a very large demand for
common steel for factories, aerodromes, barracks etc.,  which should be taken into account. The
effect on minor metals is far greater, and out of all proportion to the increased demand for steel. The
reason is that armaments call for mainly alloy steels, which are used in guns, armour, projectiles and
aircraft. For these, nickel, tungsten, chromium, molybdenum and vanadium are required, and it is
these metals which constitute such a difficult problem for a belligerent who is cut off from the very
limited number of producing countries.

In the United States,  the  strategic  metals  have been officially  defined as  antimony,  chromium,
manganese,  mercury,  nickel,  tin  and  tungsten,  all  of  which  have  to  be  imported.  Aluminium,
platinum and vanadium were placed on a secondary list, as being largely imported but available
locally if necessary. Aluminium was later transferred to the primary list. Nickel is included as a
matter of form, being entirely derived from Canada, but the prospect of war between the United
States and Canada is not considered a serious risk.

Much has been written as to the use of substitutes for materials in short supply, but in the field of
metals  this offers only limited opportunities for saving. During the last  war Germany, although
forced to desperate measures by the blockade and in spite of active research, found no permanent
substitutes for the metals from which she was cut off. Aluminium and even iron was substituted for
copper in the windings of electrical machinery, but this was only a makeshift, and was abandoned as
soon as  copper  was  again  obtainable,  although  it  has  been  resorted  to  again  in  the  course  of
preparation  for  the  present  war.  Many  substances  were  tried  in  place  of  manganese  in  the
manufacture of steel, but the results may be summed up in the remark of a German steel works
manager after the war, that he hoped never to see a manganese substitute again. In the course of the
vast programme of planning for war which has been in progress in Germany since 1933, much more
success has been reached, and the term “Ersatz” has not, the same objectionable sound in the metal
industry as in domestic use.

Non-metallic substitutes for metals are not very numerous. Concrete is used in place of steel for
many engineering purposes, and for such minor uses as telegraph poles and fencing, a practice
which is increasing here also. The most important substitution of this kind is due to the invention of
plastics.  Materials,  mostly  derived  from  coal,  can  be  made  into  resinous  substances  which,
especially  when  reinforced  with  wood,  or  textile  fibres  of  paper,  can  form  masses  of  very
remarkable strength and permanency. This rapidly growing industry, making great echnical strides
in this country as well as in Germany and America, furnishes the most important of all fields for the
replacement of metals in a great variety of uses.

Of organic materials the greatest strategic importance is attached to rubber, the sources of which are
very strictly limited geographically. The Japanese conquests have deprived Europe and America of
by far their most important source of supply. The Germans were the first to make a synthetic rubber,
Buna, which is now one of a number of such materials. These have special properties, and for some
purposes are greatly superior to rubber.

Most metals which are used in industry are not entirely consumed. A part is recovered as scrap and
comes back into circulation, to  that extent relieving new production. This is notably the case for



steel. Until 1914 the World Production of steel was always less than that of pig iron, since only a
part of the iron was converted into steel and the remainder mostly used in the foundry. In 1917 the
curves crossed, and since then the output of steel has exceeded that of iron by a steadily increasing
amount. The excess is represented by scrap, which is returned for remelting, So that the charge in a
modern steel furnace often contains more scrap than pig iron. There is, of course, much wastage of
iron through corrosion, and this is irrecoverable.

Other metals will follow a similar course. Already secondary aluminium, as it is called, forms a
large proportion of the total output, being deriv d from the re-melting of scrap. The high price of
copper is an incentive to its recovery, Tin, on the other hand, although a metal which is likely to run
short, is largely lost, owing to the difficulty of recovering it from tin cans, which account for so
large  a  part  of  its  consumption.  The recovery is  practicable,  but  the process  is  costly,  and the
difficulty of collection is great. The present salvage campaign is to some extent educating the public
in the conservation of metals, but it lags far behind that of Germany, where for some years before
the war the collection of domestic scrap metals had been very highly organised.

Whenever a mineral is extracted from the earth the capital resources of the world are by so much
diminished, except that some metals may be partly recovered in the form of crap and
used repeatedly,  A policy  of  conservation  should  therefore  aim at  avoiding the  use  of  mineral
materials  where  natural  products  would  serve  the  purpose  equally  well,  a  practice  which  has
become  common  in  some  branches  of  industry,  although  not  yet  on  such  a  large  scale  as  to
constitute a serious problem. There is one instance of a mineral which has been almost entirely
replaced by an artificial product.  Chile nitrate, for long the sole source of artificial nitrogenous
fertilizers,  and occurring  only in  certain  rainless  districts  of  5,  America,  has  been replaced by
synthetic nitrogen compounds produced from the atmosphere, The World has now taken steps to
render  itself  independent  of  mineral  nitrates  for  fertilisers  and  also  for  the  manufacture  of
explosives, Huge plants have been erected, usually with State support, in countries possessing water
power or cheap fuel, and the Chile source has now become insignificant.

The case of phosphates is more serious Although phosphate minerals are widely distributed, large
accumulations of phosphate rock are not numerous, the United States, Russia and Tunis providing
the largest quantities. Cultivation depletes the land of phosphorus, and the methods of dealing with
sewage in Western countries involves the passage of all the valuable phosphates to the sea, where
they are lost. This danger has been used as an argument for a more efficient use of wastes, about
which  lessons  are  to  be  learned  from the  East.  Fortunately,  large  quantities  of  phosphates  are
furnished by basic slag, a by-product of steel manufacture. Although the phosphate minerals are
finely disseminated throughout the ore, they are concentrated in the process of smelting, and the
slag is an efficient fertiliser, to which German agriculture in particular owes a great debt.

A source of minerals which may assume greater importance is sea water. As rocks weather and the
disintegrated material is carried down, partly as silt and partly in solution, to the rivers and then to
the sea, sea water must contain, in a very dilute form, all the constituents of the land rocks. Some
are quickly precipitated and form part of the oceanic mud, the others remain in solution. It might
seem difficult to recover substances in such a dilute form, but it is by no means beyond the scope of
chemical technique. Magnesia is necessary to industry as a refractory material for furnaces and as
the  source  of  the  metal  magnesium,  but  suitable  deposits  of  the  mineral  magnesite  are  rather
sparsely distributed. Although sea water only contains 0 3% of magnesia, thousands of tons are now
extracted annually in a pure state by simple processes, the only difficulty being that of handling
large volumes of water.
That an international control of raw materials will be needed after the war is a natural consequence
of  such  a  promise  of  equal  access  as  has  been  made  in  the  Atlantic  Charter.  A recent  issue
“Planning” has urged that a starting-point may be found in the associations of producers of key



commodities - such as certain metals, rubber, sugar, etc - which had already  been set up  with
varying success before the war. Many of these took the form of cartels, but others were planned on
broader lines and included representation of consuming interests. The Development Associations
established by the producers of nickel, aluminium, tin and copper, for furnishing information about
those metals, and in some instances of conducting research, have served a useful purpose. The tin
organisation consists of governments— British, Netherlands and Bolivian. These bodies possess
very full information regarding their respective metals. - There is also a great mass of Information
as to mineral deposits in the hands of mining engineers, which, although confidential, could no
doubt be made available to a properly constituted international authority.

The scheme outlined in the Broadsheet provides that each producer of a key commodity should be a
member  of  a  national  association  of  producers  of  that  commodity,  belonging  in  turn  to  an
international  control.  This,  again,  would  be affiliated  to  an international  Raw Materials  Union,
covering all the commodities included in the scheme. It is proposed that a start should be made with
important  metals,  oils,  rubber,  coal,  timber,  etc.  The  Union  would  include  representatives  of
governments in their capacity as consumers as well as producers. It is assumed that the authority of
the Union could be established if the governments of the Allies and the United States agreed to join,
to  conclude  no  economic  treaties  with  non-member  States,  to  bind  producing  and  consuming
interests to adhere to the appropriate commodity controls, and to insist that the decisions should
override any such obligations as most-favoured-nation clauses

Such an authority would have many economic functions outside the scope of this paper, but as it
would be in possession of the fullest information as to production, consumption and reserves, it
would be able to consider, in the light of its knowledge, the question of the possible exhaustion of
reserves and to recommend or even if its constitution should permit, to enforce, greater economy in
use or a restriction of exploitation.



INDUSTRIAL PROGRESS WHITHER AND WHY.
Presidential Address.

 C. H. H. Franklin, B.Sc.

(Given at the Imperial Hotel on 8th March 1941.)

First, let me express appreciation of the privilege of Presidency of the Birmingham Metallurgical
Society, an honour which in many ways has been a surprise, for I have only been a user and never a
producer of metals. The day-dreams of youth should be materialised as life progresses, if time is
wisely spent  but it  must admit that while  I  have contributed to many of my dreams becoming
actualities, at no time did the idea of sitting in James Watt's chair arise in my boyhood

However, I suppose my successful schoolboy efforts to melt iron, even if shadowed by my failure to
cast the intricate forms attempted, or indeed anything slag free, showed the way 1 was going,

And while  opportunity  offers,  may  I  suggest  that  the  James  Watt  Institute  should,  if  possible,
acquire  a  chair  which  was  really  James  Watt's,  if  such can  be found,  and keep such relic  for
appropriate use as part of its tradition.

Next let me give some consideration to the appropriate use of Presidential privilege

Opportunity is wasted if a mere review of some technical point is given; broad survey of things or
circumstance of general, metallurgical and associated human interest is called for: for my time I
become the  servant  of  the  modern  Metallurgical  World;  perhaps,  looking from the  past  in  our
human evolution, I am ordained Priest of Vulcan, and as such endeavour to interpret some of the
mysterious inner side of our common life.

There appear to be four channels appropriate to Presidential initiative—
First — Comprehensive review of the Past, a survey of the way things have grown.
Second - Contemporary survey of things as they are, and how they are linked together.
Third - Survey of a particular aspect of our subject of wide general interest.
Fourth - A Preview of the Future to which we are evolving.

I propose directing our thoughts in such manner that they will flow into the fourth channel, using
the first and second channels as tributary streams; it being the natural order of evolution, things and
life have grown that way

We live in an epoch of Dynamic Change, and in such, what the Future holds in store for us is of
dominant interest,  both as Metallurgical Workers and as ordinary Human Beings. We are at the
parting of the Ways; and whether we evolve into the finest Civilisation Humanity has ever known,
or  relapse  into  Barbarism  comparable  with  the  dark  ages  of  Europe  after  the  fall  of  Ronan
civilisation (even then precipitated by Germanic inroads) is being decided around us. And the future
of our industry, as the future of Nations and of Men, is being decided on the fundamental issues of
Free Mutual Co-operation, versus Exploitation and Compulsion

Whether we are to have Free Cooperation of the majority of individuals and interests for Mutual
Benefit or Individualism exploiting the majority for sectional or personal benefit has to be decided
on a World Basis, as well as locally in our Industries, and personally in our private lives; and our
decisions, integrated, will form the basis of our Future.

Our Thoughts are shadows of Things that are to Be. Our thoughts in on almost world-wide area
have been dominated by the idea of achievement-  regardless of the effect of that achievement in a



world  of  competitive  business,  a  world  that  makes  the  idea  of  winning  essential  even  in  its
amusements.

Our sports are all based on winning - beating the other fellow – WHY? Why should I win? Why
should you win? And our ruthless worldwide competitive spirit has now its resultant - and in it we
are using the many new dangerous toys our achievement has brought to life

Let us consider awhile. Where are the games which are based on Harmony of Co Operation, not
struggle for survival in a League ? Set Dances, not Fights. And leading the way towards thinking
of Harmonious inter-linking of our industries,  our countries orderly flow of activity for mutual
benefit and world benefit and world benefit, not crushing and exploiting the other fellow, firm or
Nation. 

To-day we are Reaping as we have Sown.

With these Fundamental decisions and re-arrangements in view, I feel it necessary to wander from
the domain of Metallurgy into the Realms of Philosophy, Biology and Psychology for a little while,
an also remind you of some laws of Universal application in Natural Science as well.

Life  is  an Ocean.  in  which we individuals  are  just  waves,  and just  as  transitory,  rising to  our
maximum altitude, and in due course surrendering the energy freely which has been our individual
life, to the waves which follow us. .

And who shall say where one wave begins and another ends while just as waves, we may add, and
also often subtract mutual altitude. So, while outer forms may momentarily seem distinct, perhaps
inner lives, alike of men, cities, businesses, nations, all waves of life, may not be so separate as
outer forms would suggest; and inner forms should resemble, not the octopus or vulture seeking
what may be devoured, but rather Venus and Apollo, radiant and seeking what good gifts may be
passed on to mankind. 

And to-day, I, who have been privileged to serve and, or receive from some who have influenced
human growth and destiny, acknowledge my indebtedness to men such as Sir Oliver, Faraday and
many others, and to Eastern teachers such as Krishnamurti, and seek to pass their good gifts on. 

Like a circular wave after a splash on a placid pool, ever expanding, so are we. The Life which to-
day is “me” tomorrow is “you”; we, like waves, pass on, but the Ocean of Life remains. The spirit
of James Watt is incarnate now in our Race, although the outer form which bore that name, worn
out, has disintegrated and passed away, and so also Great Initiates of Greece, the Great
Teachers the World has known, still live on in us, so far as we permit them. Universals live on,
indestructible,  though the form taken awhile  disappears or is  broken;  so far  as  we consciously
express Universality in our lives we have, or rather, are, Eternal Life. The Hitlers in our experience
may dictate the crushing of square or circular or other natural forms; Squareness Circularity etc, it is
beyond their power to touch.

Evolution proceeds, in accordance with Natural Law; we individuals may be willing agents or may
obstruct and be swept aside. Today I am the faulty worn tool consciously in use by the Spirit of
Evolution, such as you and I may be broken in service, it is of little consequence ; new tools will be
found and with little delay the work of Evolution will go on.

Intruding  somewhat  rashly  in  the  domain  of  Biology  to  offer  another  analogue,  many  of  the
ramifications of which I must leave you to explore for yourselves, let me indicate the organization



of an  animal  (or  human)  structure as  providing some valuable  keys  to  the  organisation  of  our
communal life m a world-wide sense.

Our animal bodies are built up of a myriad cells, each of which is an individual life with a career of
its  own,  and  particular  cells  having  very  varied  duties.  In  health,  these  cells  are  appropriately
balanced in numbers to the functions they have to perform and are mutually co-operating in a Life
which they only dimly and locally comprehend, but which it is their whole purpose to serve. And if
extraneous  and  discordant  cell  life  is  introduced,  the  intruders  are  driven  out  or  destroyed  if
possible, by cells who have that duty. Should they fail, the formation of an army of white blood
corpuscle commences by generation or conscription, and the intruders are localized in an abscess or
other growth, fever usually attending this process. And if the abscess cannot be confined, fever and
disaster occurs, and with a crisis, death of the whole organization ensues.

Every cell for health, must have adequate but not excess food, warmth, cleansing, sanitation etc.,
and must be fulfilling some function appropriate to its type.

Should cells, by starvation, or irritation, be deprived of proper vitality and life, the liability to self-
centred struggle for existence sets in, and cancerous or other growth supervenes,  dominant cell
growths exploiting neighbouring tissues and sapping the vitality of their cells, a process tending to
proceed at Increasing pace towards the destruction of the whole.

So too in our Human lives. We are each parts of a greater whole; each of us serves some business
and perchance is part of the current of some organisation such as  Co-ordinated Societies etc., and
as such we both serve and receive, for health must receive adequately, but not excessively food,
heat,  housing,  sanitation,  transport  etc,  and correspondingly give with enthusiasm in a  suitable
environment the service appropriate to our type. And these Businesses, Societies, etc, are just part
of the Nation: which is itself just an organ in the body of Humanity.

The interest of childhood in things must grow, expand in all of us. And may grow by occupational,
home or hobby interest. Suppressed, in a weak individual, nervous troubles may arise
and insanity supervene; or antisocial growth in a more vigorous individual develop a criminal type.

We are watching on the largest scale the Cancerous growth in Europe, vampiring its way to vast
tracts of territory, draining vigour wherever it touches, and awaiting drastic surgery, even as a little
earlier, another Cancerous growth has spread in another part of the body of Humanity, on Asiatic
territory. And in us must arise understanding, and the will and power for ruthless extirpation of the
Cancer if Humanity is to regain healthy and live on. We have to realise why this cancer has arisen,
and by sheer force of our own vitality and inner harmony resist its invasion here.

Entering the domain of Psychology for a while, let us see where lies the secret of our splendid Navy
- and Air Force too. Confidence exists, each man feels he can rely on the competence and entire co-
operation of all others in the crew in attaining the objective to which activities are directed by those
responsible, and each is confident that the best possible guidance is being given.

That team spirit must grow within our industries, and we who have to lead must give confidence to
our workers around that we understand the needs and have planned wisely with a wider view of
process and circumstance than they. 

Not dividends or bonuses may dictate our efforts, but service to a common cause. True, finance has
its place in modern human life, and financial currents, and circuits, be developed for use just as
electric currents and circuits are to meet our living needs. But just as we know how and do develop
just the electric current at the voltage we need for human use in our modern power-stations the



technique of generating appropriate financial currents for human utility and service must be studied
but seems not yet to be understood; financial circuits await re-arrangement for common service of
humanity instead of its enslavement. Too often, Humanity is in the predicament of a Power-station
Engineer  with  a  dynamo  whose  insulation  is  broken  down  to  earth,  current  is  not  generated
efficiently, shocks are unexpectedly received around, and local heating, not easy to predict may
readily occur. While much repair has been done in recent years, it is time the machinery and circuits
in our Financial Power-Stations were replaced and re-arranged with a clear-cut concept of Service
of Human and Social Needs, and not its Exploitation.

Looking  back  to  bygone  times,  how  many  of  our  organisations  have  been  dominated  by  the
cancerous  growth  of  self-interest,  the  production  of  a  good  fat  dividend;  service  has  been
grudgingly given, just the minimum. But the concept of service willingly given is growing; and
must  expand to include alike our customers  and our workers.  Industry,  in  the past  a  jungle of
tangled and ill-conditioned plants struggling for existence,  often mutually destructive, has to be
transposed into a well-kept garden, in which plants can reach perfection because weeds do not
interfere with growth, and the roses and lilies Industry produces can flower in their full beauty
instead of being stunted and dwarfed by their mutual effort to survive; Industrial flowers and fruit
radiant in their harmonious growth for the use and enjoyment of all mankind.

Today we are still choking ourselves, by mutually locking our social energies in contrary activities,
mutually destroying, the complete and natural expression of our lives by accepting the domination
of forces which are often blindly exploiting mankind.

Let as open our eyes, and ask Fundamental Questions; and each for ourselves, and our businesses,
try to answer them. With the present World Crisis proceeding, we can have these questions planted
at the back of our minds, and the answers growing, for a long time before most of us can practically
apply them. And let us see that we do not give superficial answers to our questions, the answers
must be correctly given for the World to be really at Peace.

 What are we making things- doing things - growing things for?
Why are we making those things - doing growing those things?
Why are we making them - doing them - growing them in this present way?

Please note that “growing” is used in the widest sense. A business grows as well as a plant, it is just
a social growth, even as a carrot is a vegetable growth, and its development obeys analogous laws.

To continue our questionnaire - 
Are we here for financial currents, or are financial currents here for us?

Of course, as an electrical engineer, I may ask myself whether I am here for electric currents, or
whether electric currents are here for me? and my question is curiously akin to that of - Which came
first, the hen or the egg? though the answer is more obvious.

We seem to be ready to clarify our concepts of the laws of growth, of change and evolution; and
here, strangely enough we must enter the domain of Dynamics.

That which is subject to growth and change, be it man or machine, crystal or city, insect or industry,
consists of material form, and the forces within, and a relationship between form and forces, always
tending towards the most perfect expression possible of a Completeness appropriate to its type.

It is a well-known physical fact that a damaged crystal placed in a suitable solution, tends to regain
the completeness of its form, one expression of a law of universal application; while a city damaged



by flood or earthquake tends to repair the damage and re-arrange its own completeness with the
passage of time.

A business will repair itself after a fire, if not too severely damaged, but a mammal body such as
ours cannot replace a limb though minor tissue re-growths are possible; while even a spot of water -
or a star - in free space tends towards its perfect form a sphere, wherein all forces and form are
balanced.

For our Dynamics of Evolution, we must acknowledge Newton and Ohm, as well as Darwin. And
let us transpose to meet our need, from Newton's “Principia”— 

1 No Force No Change
2 A force A Proportional Change
3 Action and Reaction are Equal and Opposite

And develop Ohm's law from its electrical origin to universal application—
C= E/R 

Current  is  proportional  to  electrical  or  voltage  and  inversely  proportional  to  resistance,  which
transposed into Universals becomes - 

Flow equals Force divided by Friction, or Activity equals Desire divided by Difficulty.
For  the  Crises  of  Evolutionary  progress,  we must  look to  Darwin’s   law of  the

Survival of the Fittest.

Again, let us expand our picture of growth. The Completeness of an Individual, - man or machine,
alike with organizations such as a company or a civilization,—exists in Time as well Space and
should be pictured as such.

A business which only existed for one minute would be of little use alike to employer or employee,
it would be unable to claim customers or fulfil orders. A business should grow as a harmonious
whole, progressing in form and forces as time progresses, just as an oak tree or a daffodil will do
within the limits of its own nature; so, it should evolve to maturity, and live on as long as efficient
service around or to the future can be given. When an individual - or an organisation – has reached
a stage where its sole concern is continuing its own existence, save awhile during a crisis, such as
follows accident or illness, it is time for such vampire entity to decay, dissolve, and disappear into
the Past.

Some of my audience here already know of my contribution to the geometry of the Space-Time
continuum, and hyperspace, which there is neither time or occasion to digress into further than to
indicate that it is as clear cut, and definite, as the geometry of 3D space we are so well accustomed
to in our objective life and see directly—with perspective distortion—with our eyes.

Also, in picturing things we can see the need of including forces as well as forms if the Complete
picture or story is to be presented: but we are apt to be materialists and think in terms of form and
the encased matter only, (often not even realising that they are not identical).

Let us sit contemplatively in our gardens and consider awhile the slow persistent growth of the
graceful gladiola, pondering the forces involved, and complete the picture in time as well as space.
Perchance, as we dwell on the completeness of the evolution of form and forces, involved in that
organism before  us,  we may  approach  concepts  of  analogous  evolution  of  some phase  of  our
industrial organisations, idealised, and our time will not have been wasted.



Here comes another important point.  Most of us are inevitably,  in daily life,  imprisoned in the
NOW. Immediate demands for results, cultivating a spirit of short-sighted immediacy, blinds our
vision of the treasures of the past, obscures our idealism for the jewels of the future.

Can we realise that out of the Past, with its deficiencies and consequent stresses has evolved the
Present, and from a clear concept of Past and Present some picture of what the Future should have
in store may be lightly sketched? The flow of things is there, real to the memory of those of us with
ripe experience, but often quite unreal to youth’s short vision.

The Birmingham of the Past, with its small and often ill equipped Garrett workshops is vanishing,
the environment in which Boulton, Watt and others laid foundations for a vast industrial evolution.

What  record have we for  our  youth to  see of  the Heritage of  the  Past  which  has  become the
background of their lives, the soil on which has grown our modern industrial jungle, and on which
will grow the future Garden of Industry, if wisely planted, tended and weeded?

Surely so great an industrial City can afford to display, not merely examples of Art and Curios from
distant parts, but relics of its own industrial growth, and models which show what has been and can
be done. London has its South Kensington, Liverpool displays its shipping models, far Sydney and
Melbourne own technical displays which show us what we should have done.

Describing shortly Sydney Technological Museum, to which at one time I had ready access and
used at  need;  main  building  with 3 floors,  total  area  about  the  same as  our  Birmingham City
Museum, devoted mainly to display of State products, their growth and manufacture and including
evolution of method in many cases; timbers, minerals, metals, methods of mining and extraction,
past and present were all laid out; while nearby in a special building were housed a Watt beam
engine,  the  first  Australian  locomotive,  early  oil  and  gas  engines  and  other  relics  of  state
engineering growth.  A living museum used alike with free public  access by day,  and for State
Technical  instruction  at  need  –  where  is  our  equivalent  with  all  the  vast  Industrial  growth  of
centuries to display, in our City once called the workshop of the World?

Glancing back in  Metallurgical  origins  alone  which  should be on permanent  display,  the  early
“smithes” of  “Bermingham” seem lost  beyond recall.  But Dud Dudley,  Hall,  Siemens,  Muntz,
Turner, Dick, Elkington, Parkes and others can be recalled, and processes and relics may and should
be found and kept.

When Peace returns and wise building is the order of the day, surely it will be our duty to record for
posterity the heritage of craft they have, the way their life has grown to what it is, and with display
of past, to provide models which will explain in simplest way the background of principle on which
both craft and growth depend.

What better work for skilled craftsmen, free in time to come than modelling a Ward or Archdale
lathe,  a  Tangye  engine  or  Belliss  set,  fit  City  records  of  its  life  and  growth,  perchance  as  at
Kensington working at the observer's will and inspiring future youth?

And  here  another  point  occurs.  There  are  dotted  about  our  Midland  metropolis  many  skilled
amateurs, whose delight it is to make, with their own limited facilities, models, mechanisms and
engines which are both well finished and efficient, in spare time hours. Well might the City assist
the best of these in their endeavours and welcome their efforts to its records when suitable and well
done.  Often the amateur has difficulty in obtaining materials or castings to really suit his wants, no
opportunity, money, time or because firms will not consider his unprofitable needs; or he cannot
arrange for some process for his small machines. Here City authority should be able and ready to



assist  proved  skill,  likewise  our  firms  be  willing  to  assist  competence  with  metals  or  help
appropriate. 

Many of you will by now think I am giving a rather strange metallurgical  address, wandering round
the World of Experience, hovering around many sciences with a butterfly touch, and passing on
with scarce a mention of a metal. It is time I came home the Metallurgical arena and indicated
where some of my matter applies in building our World of the Future.

There still remain some psychological points to consider in giving the orientation—Whither and
Why.

The trend of industrial evolution in a community of free individuals is the product of the mean or
average  desire  of  the  individuals  concerned  into  the  possibilities  natural  law  provides,  always
dependent  on  the  discoveries  and  subsequent  radiation  of  knowledge  of  applicable  phases  of
Natural Law by exceptional individuals.

Where individuals are not free, but are dominated by financial, state or military dictation, the matter
is not so simple; questions of policy or expediency dictate or exploit the individual, whose desires
and benefit are likely to be over-ruled. Particularly did this apply in Renaissance times, when the
development of an art or craft appears to have been often, completely dependent on the spasmodic
whim of an aristocratic patron; it is a dominant factor in the direction of industrial evolution to-day
with the drive of war-time urgencies dictating progress.

The general desire of the average individual is for necessary activities to be become  progressively
easier as his or her life expands and progresses, so leaving a greater amount of time available for
voluntary or free activities, or for relaxation and rest.

It may be easily realised that the present general desire of a very large percentage of progressive
individuals is for gathering more and wider experience in a given time, using mechanisms and
facilities which are socially instead of individually maintained very largely in Taking the demand
of the free individual first for personal utility, and here the feminine sex is apt to dominate and
regulate average requirements, both because of the greater freedom in choice and greater use of the
chosen articles usual, and also because generally maintenance is so often dependent on feminine
activities.

In general, metals which take a high polish, and to which dirt will not readily adhere, are demanded.
Corrosion is a real trouble, and even tarnish was a source of endless labour to house-proud women
in quite recent times The past has seen utensils numerous mouldings and elaborate ornamentation,
difficult or impossible to keep clean, and often worn out in the attempt; corrosion in recesses often
supplementing abrasion of ridges; and the trouble amplified by the basic material having a liability
to attack by the food acids and other materials in daily house use. 

Out of the deficiencies of these past utensils arise two desires - 
First - For materials which are immune to attack, retain their and are hygienic.
Second - For forms which can be cleaned readily and in which corners will not hold residues

of past use.

Dealing with the former characteristic desire, it is obvious that the noble metals available in the past
would have an enhanced value, particularly to feminine eyes, and a prejudice in their favour set in,
in spite of their excessive weight, and particularly in the case of gold, small strength for a given
weight when pure.



To-day,  metallurgical  progress  has  placed at  our  disposal  materials  which  are  equally  or  more
resistant to corrosion by foodstuffs etc., met in ordinary life, than gold and silver; and with much
finer mechanical properties, comparing the silver fruit knife of 1890 and the stainless-steel fruit
knife of 1930 by me, the latter is greatly superior as a practical tool, and far less likely to tarnish
with use or storage than the silver article.

We have seen during our lives the steady progress in the displacement of gold and silver in solid in
solid form and substitution of stronger and lighter metals with a thin protective shell, perhaps placed
around by electrolytic process. Even so gold and silver have little resistive strength to abrasive wear
and harder metal can often well take their place. So, chromium with its great resistance alike to
wear  and acid  attack,  displaces  silver  and  covers  our  spoons  and forks  to-day;  and  often,  the
untrained eye fails to recognise the change. 

Again, in times past the gold watch and chain played their part; to-day a lighter and more efficient
instrument takes its place, perhaps in a strong case of non-magnetic steel, wear resistant
and light.  Jewels inside and working, not idly loading case,  rare metals as palladium bronze in
hairspring, not flaunting wealth outside.

In  private  life,  objects  combining use  and  ornament  are  often  put  about.  With  little  wear,  but
atmospheric attack, tarnished appearance would lead to their  discard if surfaced bright in many
cases. Control of tarnish, finish with stable oxides or other films often gives pleasure to the eye and
lengthens their welcome life. Hence, process giving iridescent or glossy finish, the play of light  and
colour will be welcomed in our homes; darkness may have its day, but lighter days and ways will
come. And while today this study of finish may be put in part aside, happier days will need it, and
our programmes planned to suit.

A matter of more urgency is waiting for our thought. And I am glad to see a first attack, vital to our
lives, on our Co-ordinated Societies  programme this year. What metals really suit, for vessels  used
for food; and are the rumours running around, that aluminium vessels injure food, based on fact or
merely exploitation fable, part of the war of rival commercial interests? We, centre of the hardware
trade, should know and act, as part of our service to mankind ; and to develop the study of the facts
of  metallic  food contamination,  assisted  both  by medical  and health  specialists,  is  well  in  our
domain.

I emphasize the need of the opinions of health specialists because their special study of the damage
due to drugs and mineral salts in human structure gives what we need to know, the physician’s way
of giving drugs may often restrict his knowledge of the impairment of health due to phenomena of
metallic food contamination.

It should be realized we have as a race got into the habit of adding minerals unwisely to our foods,
such as soda to preserve the colour and destroy the food value of greens, and doubtless getting
unknown and probably complicated mineral gels in many vessels from time to time. What catalytic
actions occur due to basic metal or alloy  and what consequent mineral deposits occur in arteries
and tissues is knowledge due to come. Co-operation of interests and skill is called for, such as we
should be able to arrange; and our hardware products gain the benefit of knowledge in the years to
come.

It seems to me that the most appropriate vessels for cooking purposes are those made of such metals
that if attacked they only produce such salts as would be naturally found as part of the constitution
of the human body ; or alternatively such metals (or materials) as are totally immune to attack;
though this may he complicated by catalytic action, or electrolysis from a spoon or soldered joint;



much however  speculation in the absence of definite knowledge; indeed,  much of this  may be
making a mountain out of a molehill.

Of course, one suspects a much more serious contribution to human ill health arises front habits of
overcooking and over-purifying food, than from direct metallic salt contamination, but that must not
blind us to the possibilities of the latter, and the need for its appropriate investigations.

Consideration of forms the home-life of the future will require is now due. Again, ease of cleansing
will often dominate wise choice; vessels with forms the hand can reach within: corners so smoothly
curved that fingertip can easily fit, structures that perchance will part with ease, will be our kitchen
need. Process and material which meet these needs must come, where not already here, the sharp
ridges and corners often found in rolled joints and sheet metal structures must go. And here the
material character plays its part, perchance metal soft and plastic awhile as pressed or hydraulic
blown to  moulded  shape,  and age  hardening in  due  course  as  set.  And where  joints  must  be,
soldering minimised, such methods as, not spot but line welding, performed when needed in neutral
or reducing atmosphere by electric current between hardened copper rolls. No ridges to harbour dirt
and tarnish not facilitated by electrolysis from soldered joint, for here homogeneity plays its part.
Well-formed spouts where needed, clean pouring because the facts of surface tension and hydraulic
flow were in the designers mind, and metal of sufficient plasticity chosen to suit; curves smooth
blended to please the artistic eye and assist efficient use.

In vessels used for food and often cleansed, the inner curve should dominate design and consequent
metallic choice; but other things bring other needs, and other factors come. Smooth curving hooks
and brackets, surface processed corrosion free and often bright for visibility on darker ground, call
for  cheap  stamping  and  pressing  methods,  smooth  polish  and  enduring  protective  plate.  And
household  tools  such  as  sweepers  and  wringers  are  often  too  heavy,  here  it  would  seem that
magnesium alloys should play their part, fitting weight to small hands as sometimes needed. Even
our old friend the sewing machine could be lighter both in weight and colour in magnesium alloy
when times permit, matt finished top, avoiding eye dazzle, and reflecting light to work beneath.

With most of our workers in past times the difficulties of acquiring things were great and hence,
easy and cheap production became a need if they were to have legitimate product of their work,
Now, in an epoch of restless change, substantial enduring products of past days have given place to
flimsy substitutes, things, are often not what they seem to be. Things sell and wear and pass away to
be replaced by fresh ephemeridӕ.

This must pass, and in a world which is freed from waste, good things be efficiently prepared, and
craftsmen take a worthy place, making and mouldings materials unhustled, free artists in metal and
solid space. And sharing with all the benefit of their skill, not treated as “hands” and exploited as in
the financial game of bygone days.

A change is taking place to-day compared with years gone past. Our fathers wanted iron, or brass,
or lead, and thought of little more, To-day we are wanting properties, and care little how they come.
It is toughness, strength or hardness; corrosion or electrical resistance, cheapness, magnetic values,
constant  thermal  changes,  etc,  to  some accepted scale.  These subtle  properties  are  needed,  and
hence our vast technique, We have to measure what we need, and fit material to our needs

Here, a germ of thought arises. These various properties can often be paired together, their values
graphed at right angles, and it may be noted that as one value increases the other correspondingly
diminishes,  keeping  the  rectangular  area  enclosed  approximately  constant.  This  is  only  a  first
presentation of what can occur with a suitably chosen pair  of properties;  however,  it  may well
happen that the future will show us that a complete, defined and rationalized group of properties can



be arranged on a suitable Cartesian axial system in hyperspace for a given material, and as one
value  changes  the  others  will  readjust  themselves,  so  that  a  constant  hypercubic  volume  is
maintained  in  the  ”orthotope”  or  hyperspace  ‘‘brick’’ which  represents  the  product  of  these
properties. Speculation as yet, left for future workers to investigate and use; my own life cannot
flow that way.

The needs to come of industry is another evolutionary page. Are we progressing towards Harmony,
or is increasing pace and tension to be faced? When War is over shall we restless rush about, or seek
contentment in more placid ways?

We are dependent on the Peace to come. If based on harmony, the tension goes and life alike for
man and industry becomes a huge set dance; if based on conquest the tension rises, and finesse
departing awhile with burnt out industry we revert to barbaric ways, reminiscent of Europe's past
dark ages with slavery of man to man.

The latter must not be. Harmonious growth is the evolutionary way, though sometimes redundant or
outworn forms are discarded and swept aside.

Smooth flow of labour from works to land at season's need must be arranged, the furnace for winter,
and in summer sunshine share of harvest and wide spaces for all. Surely efficient industry, with
modern productive ways, can make our needs without excessive hours and days. Why labour-saving
machines if they do not serve but starve the humanity who built then? Must industry monopolise,
enslave its servants full 300 days a year. May it not rather by sheer efficiency release them freely
for seasonal change and months of recreative activity in clean, open air, on land or in forest, in the
brighter  days;  reclaiming  willing  workers  as  our  northern  mists  develop  to  well-planned  clean
workshops and mechanical controls.

Our workshops too are changing. Filth accumulated in corners, is being cleaned away; benches
cleanly surfaced, machines guarded for safety and to avoid oil  throwing, ventilation systems to
carry fumes and dust out of harmful reach.

Why should a man, because he handles things inherently able to contaminate his skin or clothing be
deprived of facilities for cleansing at need; and be compelled to traverse our streets and use our
trams unkempt, meeting at times the contemptuous glance and obvious aversion consequent from
his fellow men and women?

Modern clean methods, alike in the technique of furnace and finish, demand clean design of plant,
and appropriate maintenance; the latter only to be gained where the mental attitude cultivated
by facilities and environment planned by seniors provides the way. Workmen who are clean and
self-respecting, and healthy from living a balanced life, not driven slaves feeding machines and
furnaces, and recoiling into pub, or rough sport to forget awhile their lot, are the need of modern
industry and refinement of technique. 

And following the laws of growth outlined a while ago, stimulus may be provided, and difficulties
removed, and soon the requisite types will grow, and the cruder type of worker gradually pass away.

Of the Evolution of Process in the industrial arena much may be said, but the limitations of time and
space amid present urgencies occur and brevity is imposed.

We have seen the gradual changes in the methods of building things. The riveted constructions of
our youth have given way to processes giving greater homogeneity; and fusion welding has  often
raised efficiency in the use of material. Coker has shown us the losses of strength due to unwise



shaping, the inefficiencies that surround a rivet joint. Smooth curves in castings, and in forgings
where needs arise; pressings shaped with parabolic or asymptotic curves to ease stress flows, and
ward off failures from local fatigue where vibration has to be withstood, have become the need with
modern high-speed machines. Waves of stress eddying to and fro in fast moving parts demand fresh
technique, not needed in the engines of Victorian days. Design today must meet the shock of high
intensity waves of stress, homogeneity of material becomes an urgent need, and smooth blending in
sections and joints alone permits safe flow of our high stress waves.

The early days of Birmingham Hardware Industry, much centred on soft brass casting in our native
sand, give place to Beta brasses, often hot forged and hot rolled, and homogeneous to a marked
degree. Blowholes, slag and sand intrusions have gone; sound, strong and reliable alloys to meet the
needs  of  to-day;  purity  of  components  of  alloys,  and  hence  control  of  mixtures,  and  resulting
strength and properties has come to stay. The microscope has shown us the crystalline structure of
our metals, X-rays the framework of the crystals from which alloys are built. We appreciate the
order within the world of atoms in every bar we roll and seek to so arrange things that the orderly
crystal confusion gives just the properties we need. Within each crystal lattice is performed a dance
of atoms, patterned to suit  the dancing sets. Eliminate impurities interfering with the dance,  let
atoms swing with atoms in a  huge ultra-microscopic set,  and lacking break of order,  plasticity
remains.

Interfere with the crystal lattice, and the atomic dance is not the same. Wrong partners bring their
discords, their swings often do not fit; the pattern scheme is broken, warp and weft of motion are
tangled in their flow, and hard and rigid structure often tends to grow.

Given crystals pure and regular in their lattice, with boundaries clean and close, the atomic dance is
simple,  and  electrons  (the  electric  current)  can  freely  flow.  Complicate  the  system,  mix  small
crystals embedded in a vitreous matrix, and resistance increases to these free electron, or current,
flows.

To-day we learn of all these phases of crystal and atomic life and seek to provide conditions in
which their growth occurs to meet industrial need.

We produce atomic lattices with most electrons circulating in one way, and permanent magnetic
values are produced beyond our dream in recent time;  or we leave our atoms free to turn and
magnetic values ebb and flow We cool our metal down far beyond Arctic cold, near Zero's rigid
point, and electrons easily flow, no resistance to their whirl. We learn the laws of solution phases
and heat treat to produce the properties we need, making mixtures such that phases wanted can
easily occur, and crystal growth will respond.

Nature has given us some of her secrets, and we begin to understand the atomic life we are using to
meet our present wants. But so far, the deeper secrets of the birth of the elements have been covered
up. The evolution of the atom, the control of transmutation have remained beyond our reach;  a
blessing in these troubled times - such power has danger in these days.

We are seeing now what occurs when man has power beyond his moral growth. Today Humanity
has been Placed in position of a baby with a box of matches, which it has, unfortunately, succeeded
in striking. It is evidently burning itself but may recover; but if it had the dynamite which the power
of transmutation may well prove to be, without the knowledge and self-control requisite for proper
use of such appalling forces as the atoms have within their evolution, it would probably destroy
itself, We are indeed fortunate that we have not yet learnt the secrets of practical transmutation, we
merely. glimpse the titanic forces so far safely locked up, and perhaps awaiting use and service by
Adult Humanity.



Industrial progress has gone far, and today we can do much that we want, but the time has come to
consider What we are doing, and Why, rather than to force fresh technical advances.

There is a wonderful vista of growth and progress ahead; we have not reached the limit of what may
be done, but rather foundations have been laid. It is time to ask ourselves whether human life or let
us broaden our basis and include all life – animal, vegetable, and shall we say mineral too (for can
we draw a hard line against minerals as we Metallurgists watch and control our crystal growth?)
will be better for our particular developments, and to align our activities with the needs Of human
progress, and subordinate technique and finance to Life.

Nature in a fair mistress to be courted for her secrets, but this pseudo-civilisation has raped her, and
squandered her gifts on War, and on conflicts, industrial, social and private on a smaller scale.

Mendeleef showed us something of the harmony of the Atoms, Aston and others expand the picture.
Plato and Euclid show us the basic harmonies of geometric and crystalline form, even as their
Mysteries  and those  of  Orpheus  may  well  have  been  the  basis  of  harmony  of  sound,  so  well
expended by the great Musicians of later date. Soon our tasks will be to put the discords of to-day
aside and build up the harmony of life which our civilization is missing. For the Keynote of the
Future  must  Not  be  Aimless  Achievement,  but  World-wide  Natural  and  Harmonious  Growth,
wherein we all share and enjoy the Dance of Life instead of enduring the Darwinian struggle for
existence,

We have been in an appalling hurry to get things done, done with explosive violence. Now we must
note the gradual flow of evolution, adopt Nature's easy growth consciously, and grow unhurried as
the  graceful  Lily  does,  to  Civilization's  maturity;  an  evolution  in  which  all  Industry  can
rhythmically play its part, conscious that it is interpreting and re expressing the Universals which
are Omnipresent through all Form sand Life.



METALLURGICAL MISCELLANY
Presidential Address

Dorothy L. Pile, A.I.M.

(Delivered  to  the  Birmingham  Metallurgical  Society,  3rd  November  1949,  at  the  James  Watt
Institute)

Seldom has a President of this Society been privileged to address a more distinguished and critical
audience and, strangely enough, this  distinction has fallen to  me because I  am a woman.  This
Society having paid me the signal honour of casting precedent aside and electing me its President, I
can now truly say that I have been put on my metal.

I have always held that a Presidential Address should not be just another technical lecture but a
personal link between the President and the members, so that they may judge the type of man—or
woman—whom they have elected. The title  “Metallurgical Miscellany” embodies this idea, and I
am really indebted to the Institute of Metals for it. Sometime ago they published a very excellent list
of  members  and  I  was  somewhat  amused  to  see  that  it  was  classified  under  Miscellaneous
Publications. However, on thinking it over I came to the conclusion that it was really very apt, as
metallurgists as a whole are a distinctly miscellaneous collection and I hope they always will be, as
the term, in its best sense, means varied.

Nearly  thirty  years  ago,  which  was  two  years  after  World  War  I  had  ended,  the  industrial
metallurgist had emerged from his chrysalis and was informing a shocked and indignant metal trade
that the problems of bad metal could no longer be put down to such age-old excuses as the nature
having gone out of the metal, no horse shoe having been thrown into the pot or even that the caster
had forgotten to spit into it! It was, then, at this auspicious time that I entered the metal trade or
rather, was firmly shepherded into a metallurgical laboratory by my father for, in those far off days.
it was more usual to obey one’s parents than the State. 

In many ways those years in the early 20's were analogous to present-day conditions. The country
was still unsettled after a world-shaking war, strikes were pre valent, trade was difficult, the 
cost  of  living  was  still  high,  and  everyone  was  slowly  and  painfully  adjusting  themselves  to
changed conditions of living. However, in spite of all this, or perhaps because of it, the industrial
metallurgist  began to  be  looked  upon as  a  necessity  –  albeit  a  painful  one.  I  deliberately  say
industrial or works metallurgist because there was and, unfortunately, still is a vast gulf—even in
language—between those working under industrial conditions and those working under academic or
research conditions.



Today we are also painfully recovering from another and even worse world war and conditions,
both for living and industry, are in many ways as bad, if not worse, than they were thirty odd years
ago. However. the industrial metallurgist is now in a very different position; his professional status
is established even to the foundation of his own Institution, a Chair of Industrial Metallurgy has
been  founded at  Birmingham University,  and all  progressive  manufacturers  look upon him as,
probably, worth his somewhat meagre salary. Do not misunderstand me. this does not mean that his
efforts  for  trouble-free  production  are  always  appreciated,  far  from it,  in  fact  he  is  generally
regarded as the whipping boy for the works and definitely gets more kicks than halfpence.

I digress slightly at this point and refer back to the of the Institution of Metallurgists. I would like to
remind  members  that  the  original  recommendation  for  its  formation  came  from  a  Committee
composed  of  the  Councils  of  the  Staffordshire  Iron  and  Steel  Institute,  the  Birmingham
Metallurgical Society and the local section of the Institute of Metals and on which I had the honour
to serve. I remember that my presence was more tolerated than welcomed and any suggestions I
made heavily frowned upon. However, soon after the Institution was successfully launched in 1945
it made up for any apparent disapproval by admitting me as its first woman associate and member. I
feel almost tempted to add that from that day it has never looked back! Seriously though, I do think
that it is a matter of some Congratulation to this Society that it has already provided the Institution
with two most excellent Presidents.

I am now going to say something about the difficulties which beset the works metallurgist and
amongst whom I hope I may be counted. Although we can seldom have the opportunity for research
in its pure sense, we can at least apply scientific thinking to everyday problems. Most problems and,
for that matter research are like a jig-saw puzzle, the pieces are there but it is up to us to fit them
into their  right  places.  Although this  is  an age of specialists  and, owing to the vast  amount  of
metallurgical knowledge now available, it is difficult not to specialise to a certain extent, I still feel
that unless we have a broad background of fundamental and general knowledge—and know how to
apply  it—we  are  apt  to  develop  a  one-track  mind  which  consequently  narrows  our  outlook.
Especially do I urge the importance of a broad view when dealing with your works personnel.

The metallurgist should be looked upon as a general panacea for all ills—in fact guide, philosopher
and friend—and not as a being apart who emerges into the works at intervals wrapped in thought
and a white coat! The cultivation of a calm and tranquil mind is a great asset in the day to day
industrial hubbub in which we work, for nothing allays panic or comforts people in an emergency
so much as calmness. Quite likely you may be feeling equally panic stricken—and probably slightly
sick—when you hear that the urgent sheet job is breaking up in the rolls, or the main press has
packed up and thereby is holding up the whole production sequence but, whatever the emergency,
never show your alarm. I have said this before, and I shall continue to say it; get to know your
everyday associates and learn all you can about them, for how can you appreciate the other man’s
point of view or his troubles unless you know his background. I am well aware how difficult old
Tom or Bill can be when there is trouble in the casting shop or rolling mill, but they have not been
casting for twenty or thirty years for nothing and if you ask an interested “why” to their hardly
scientific explanations you may find a clue to the trouble. Perhaps I have been unusually lucky in
my dealings with works personnel on all levels—and a woman metallurgist is definitely regarded
with far more suspicion than a man—but with patience I  have generally been able to establish
friendly  relations  with  the  most  conservative  and  difficult  firms.  One  of  my  most  treasured
compliments was paid me by a foreman with sixty years in the works behind him when, after
discussing a problem with me, he turned to the works manager and said “the lady seems to know
what she is talking about!” That remark is in preface to my warning that unless you also cultivate a
strong sense of humour you will undoubtedly become insane.



Although  to  the  average  man  or  woman  metallurgy  is  still  very  much  a  closed  book,  it  is
extraordinary what interest is aroused when you give him or her some inkling of what your job is.
To take one instance only; a few weeks ago, I was travelling north on one of our crack expresses
and arriving somewhat early at the station 1 went to look at the engine. Perhaps 1 should here
explain that I have always loved trains and am even happy with a Bradshaw. Anyhow I started to
talk to the engine driver and explained that in my job I had often tested metal to be used for rolling
stock. He was most interested and then proceeded to tell me that he now often had trouble with his
wheels fraying and he would like to know the reason. Not being a steel expert, I did not venture to
commit myself, but no doubt the problem is giving someone a headache, Anyhow, as the result of
this conversation he did me the honour of inviting me on to his footplate and generally showing me
round, which was an experience I greatly enjoyed, and thanks to metallurgy I had made another
friend.

Last year our Past President gave us an extremely thoughtful address on “An Open Mind" and by so
doing very materially paved the way for this miscellany of mine. In these of mass production and
specialisation  it  is  very  easy;  as  I  mentioned  before,  for  the  metallurgist.  whose  life  is  often
controlled within certain limits, to acquire a one track instead of an open mind. By doing this we
lose that independence of thought and way of living which is. 1 feel, an integral part of the British
character.   I  remember when listening to one of the Reith Lectures given by Bertrand Russell,
hearing him state that “A secure life is not necessarily a happy life” and very heartily agreeing with
him. To have to conquer difficulties keeps you on your toes, and it is generally in our battles with
misfortune that we find our true friends. This then should give us greater tolerance towards other
people's troubles both in our working and private life.

I am not ashamed of stating that I do not consider that Christianity and science are incompatible, for
both need complete faith and unending endeavour to obtain the full results. We know we cannot
produce the best quality metal products unless we use carefully drawn up specifications; how then
can  we  hope to  produce  the  best  out  of  life  unless  we  submit  ourselves  to  equally  searching
specifications. We may not always come up to specification – and I fear I seldom do - but we can at
least raise the standard of Good Commercial Quality, Unfortunately the past ten years have left their
mark on all of us, and we are finding that the metallurgist is as liable to crack as his metal, This is a
serious problem for human scrap cannot be remelted and used again; therefore when we see the
signs of incipient strain, it is up to us to prevent the crack by a pre-treatment of understanding and
tolerance.

Undoubtedly in these days of stress and strain one of our main troubles is lack of time to relax and
think. By this I mean the opportunity to sit down quietly, consider a problem from all angles and
then make a balanced decision. This is particularly true when information has to be transferred to
paper; the percentage of badly written reports is truly appalling and is, in part, due to the rush in
which they so often have to be written. I expect that those of you who were brought up on “Alice in
Wonderland” will remember the Mad Hatter telling Alice that “if you don’t think you shouldn't talk”
and nowadays we might well add “or write.” So much harm can be, and is, done through tired
thinking and the resultant badly expressed thoughts, and so often human strain is the cause of this
fault.

To return now from internal stress to surface finish, and here at least the woman metallurgist should
excel! It is becoming a serious problem these days as to how much knowledge of allied science -
not to mention modern technical terms - the wretched industrial metallurgist can be expected to
absorb. Thirty years ago, I think I may say, that metallurgy and metallurgical chemistry went hand
in hand and a good knowledge of both, plus sound common sense, took one over most metallurgical
stiles.  Today the  metallurgical  field  has  widened to a  plain,  and in  our  attempts  to  familiarise
ourselves with its  vastness we may well  get exhausted unless we take frequent doses of Metal



Physics. I am quite honest in saying that I have the greatest admiration for those who are carrying
out  research in  this  plain,  but  I  do wish the language of  academic calm could be more easily
understood by those working in industrial turmoil. The enthusiasm of the metal physicist for his
studies is boundless and rightly so,  but I felt  we were near the limit  when one of the eminent
teachers at Cambridge proceeded to suggest that the fields of music might now be studied as, what I
can only call, the planes of contrapuntal physics. Shall we one day be doomed to listen to a paper
entitled  “A few  notes  on  the  Secondary  Recrystallisation  of  Sound  in  relation  to  the  Basso
Continuo.”

Technical terminology has always been a bone of contention and personally, I have always been
allergic to the terms “space lattice” and “damping capacity,” as the only pictures they ever conjure
up in my mind are those of my flat after it was blitzed in 1942. I do think there is a tendency to
make these terms unnecessarily complicated and even, sometimes, open to question. Here is just
one  example:  if  you  are  given,  without  context,  the  phrase  “Combined  energy,  roll  force  and
reduction curves” might it not just as well refer to two-way stretch belts instead of modern cold
rolling technique – both are flattening processes.

I have purposely said little about myself as it is not material to this miscellany, but I am going to say
a few words about those who have helped me so greatly to attain my present position. Even now it
is not easy for a woman to become and industrial metallurgist and before the war prejudice was
much greater.  Even this  Society  was  not  too pleased  when it  found it  had  admitted  a  woman
member in1938, and when later she had the temerity to stand for the Council she was promptly
turned down. Though I can laugh about these things now, at the time they did not seem so funny
particularly as they were not isolated instances, and often the difficulties I was up against seemed
insuperable. Here, therefore, I would like to thank most sincerely those who so greatly encouraged
and helped me to carry on. Many, I am most happy to say, are here tonight, but the three to whom
perhaps I owe most have not lived to see their faith in me justified, and they alone, I shall mention
by name. First of all, my father whom so many of you knew and, I think I can say, loved; to him for
his wise and far-seeing teaching, together with his patience and very human moral guidance I am
what I am today. Secondly Reginald Johnston, my chief and friend to the day of his sudden death in
1944; and thirdly, W.R. Barclay, a past President of this Society and one of the kindest and most
modest of men. This then is my memorial to them.

Finally, may I say something to those younger members of our profession, who are, I hope, starting
their  careers  under  somewhat  easier  circumstances  than  many of  us  did.  If  you are  training  at
University, try to get all the industrial experience possible during your vacations and familiarise
yourself with industrial life and terms. By these means when you come to take your first job you
will not be a complete stranger in a strange land. If, on the other hand, you go straight into the
works from school, take advantage of all the extra-mural teaching that is now open to you and work
for a qualification as this will certainly help you in your future career. For many years now, this
Society has looked upon its student members as its especial care and has endeavoured to encourage
them by a nominal subscription rate, a Bronze Medal and other prizes given annually for the best
essay on a metallurgical subject and, latterly, by a special Students’ Night held each session. These
events are run for your benefit and I ask you to support them and the Society,  for you are the
officers and council of the future and its welfare will be in your hands.

One last word of caution do not go into metallurgy unless you are prepared to give everything you
have got, for no matter what trials and tribulations you may go through, it will get you and hold
you. The rewards are seldom spectacular, but do not forget that the lives of men often depend upon
the skill and care with which we do our job and surely that is worth a lot. Anyhow, I for one still
think it is. :



I thank you for the patience with which you have listened to me and again for the honour of being
your unprecedented President which, therefore, allows me to be your servant.



Acknowledements and Explanation

The suggestion that a permanent memorial  should be created for the Birmingham Metallurgical
Society (which changed its  title to Birmingham Metallurgical  Association at  some time after it
stopped  publishing  its  proceedings),  was  made  by  Mike  White.  He,  like  the  editor,  is  a  past
President  of the Association and a regular  contributor  to it  meetings.  He is  also at  the time of
writing the web-master for the Association's web-site. There are few copies available of the Journal
that was published until 1966. The one in Birmingham Library was the source of much of what has
been included in the three volumes that we assembled and we are grateful to the staff of the Library
for making them available. Mike participated in the task of making copies, which, because of the
variability of style of the issues of the journal have all  been OCR'd and re-edited,  but without
removing some of the features, such as the archaic spelling (e.g. shewing not showing).

The papers selected were chosen to illustrate the dominant interests of the members, which, in the
early days, reflected the interests of the artisans and the managers of the metal industries in the
Midlands. Birmingham is commonly associated with brass, and this is reasonably represented. But,
in terms of its representation, there is more about nickel alloys. This is reasonable because the
nickel  industry,  an  outgrowth  from  the  brass  industry,  was  Birmingham's  most  significant
contribution to the plethora of materials that became important to the world in the period under
review. The 'New Metals' are represented, but although they only became significant towards the
end of the period,  the longest and most authoritative paper in the whole collection is from the
lecture delivered by the developer of the processes used in making titanium and zirconium.



Appendix
Presidents to 1970

President Year(s) Affiliation
A.H. Hiorns
T. Turner
J.H. Stansbie
I.E. Lester
A. Spittle
J.H. Stansbie
A.G. Smout
F.C.A. Lantsberry
F. Johnson
H.B. Jacks
H.W. Brownsdon
L. Aitchison
E.M. Boote
W.R. Barclay
A.R. Page
W.C. Gray
P. Jump
W.F. Brazener
A.A. Jude
W.A. Benton
J. Fallon
N.P. Allen
E.A. Bolton
J.A.A. Fraser
A.L. Molineux
A. Pinkerton
C.H.H. Franklin
M. Cook
D. Llewellyn
L.W. Law
W.L. Govier
J.W. Jenkin
T. Wright
F.E. Stokeld
W.E. Ballard
Dorothy Pile
C.H.M. Holden
H.W.G. Hignett
W.G. Tucker
G. Parkin
H. Evans
C.E. Homer
H.H. Symonds
R. Chadwick
R. King
S.G. Temple
L.G. Beresford

03-09
09-12
12/13
17/18
18/19
19/20
20/21
21/22
22/23
23/24
24/25
25/26
26/27
27/28
28/29
29/30
30/31
31/32
32/33
33/34
34/35
35/36
36/37
37/38
38/39
39/40
40/41
41/42
42/43
43/44
44/45
45/46
46/47
47/48
48/49
49/50
50/51
51/52
52/53
53/54
54/55
55/56
56/57
57/58
58/59
60/61
61/62

First teacher of metallurgy in Birmingham
First Professor of Metallurgy in Birmingham University
Lecturer under Hiorns at the Birmingham Central Technical College
Manager, Charle Akrill & Co, West Bromwich
Technical Manager, Allen Everitts
Lecturer under Hiorns at the Birmingham Central Technical College
Manager Elliotts, after takeover by ICI Metals becoming Manager.
Founder of BSA Research Department
Hiorns' successor at Bimingham Central Technical College.
Birmingham Sales Manager for Guest Keen Baldwin
Head of Research for ICI Metals
James Booth, Birmingham University, (the Aitchison Laboratory)
Poldi representative, later United Steels, still later James Booth.
Managing Director of Henry Wiggin
BSA Research
Henry Wiggin
Hingley & Sons
ICI Metals, then Managing Director of the Birmingham Mint.
Chief Turbine Designer Bellis and Morcom
W & T Avery
MD Incandescent Heat Co. Beaten Smethwick MP candidate
Birmingham University, later Mond Nickel, then NPL.
Dudley Alderman, employment not known
Not Known
Midland Metallurgical Laboratories, then Winfield Rolling Mills M D
Not Known
Noted for having been Oliver Lodge's technician
Chairman ICI Metals
Not Known
Not Known
Not Known
Bromford Tube and Tube Investments
Lecturer Birmingham University
Not Known
Not Known - did metal spraying for Ulick Evans
Midland Metallurgical Laboratories, Jewellery consultant
Not Known
Managing Director Henry Wiggin
Not Known
Sheffield Steel representative (possibly Firth Brown)
Not Known
Not Known
Not Known
ICI Metals
Not Known
ICI Metals
Technical Journalist, Metals Industry



S. Heslop
E.J. Bradbury
W.O. Alexander
I.G. Slater
G.V. Raynor
P.E. White
Marion McQuillan
D.C. Moore

62/63
63/64
64/65
65/66
66/67
67/68
68/69
69/70

Rover Cars
Mond Nickel
ICI Metals, then Foseco MD, then Professor Aston University
Head of Metallurgy Department Bham CAT, 1st Prof Aston University
Head of Physical Metallurgy at Birmingham University
Manager Ionic metal Treatment Company
Director of Research ICI Metals
Research Manager ICI Metals








