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Introduction

The Birmingham Metallurgical Society was already seventeen years old when it was registered at
Companies  House.  In  those  years  the  understanding  of  the  behaviour  of  metals  had  advanced



significantly, but still had a long way to go. The aim of the collection assembled in this and two
following volumes is to show through the activities of the Society and its members how the subject
of metallurgy evolved and how those companies that created the Midlands metal industry wax and
waned.

The Society was much involved in 1908 in the creation of a national organisation, The Institute of
Metals, to serve the interests of the non-ferrous industries. The Institute's first office was in the
University.  In  1945  it  was  on  an  initiative  of  its  members  that  a  body  was  formed  to  give
professional  recognition  to  qualified  metallurgists:  the  Institution  of  Metallurgists,  which
represented all metallurgists, both ferrous and non-ferrous.

Many of the lectures in the first 50 years are shown as being before the 'Coordinated Societies'.
These were the Birmingham Metallurgical Society, The South Staffordshire iron and Steel Institute
and the local section of the Institute of Metals. Why there was a need for a local section, rather than
have an affiliation between the Birmingham Society and the national body, as is the case more
recently, is not clear; perhaps it was because the Society did not see itself as being exclusively
concerned  with  non-ferrous  metals.  The  amalgamation  of  the  Iron  and Steel  Institute  with  the
Institute of Metals and the Institution of Metallurgists eliminated any asymmetry.

In order to give some insight into how the ideas and practices developed, in each volume the papers
are presented in chronological order.  There is, in the nature of generating the programmes of a
scientific society, no coherence, but the same subject cropping up from time to time does give some
measure of when and to what extent progress occurred. Such is the case in the papers from 1886,
1926 and 1959 on cast -iron.

The one exception to the chronological order is that the first of the listed contents was from a book
published in 1890: the second from the Journal of the Iron and Steel Institute in 1886. The authors
of these were the two most important men in the Society's History.

Arthur Hiorns was the first teacher of Metallurgy in the Midlands. It was the men who came from
industry  to  his  evening  lectures  at  the  Birmingham and  Midland  Institute,  later  becoming  the
Birmingham Central Technical College, that created the demand for the Society. The lectures started
in 1881 and the  six books that  Hiorns  published undoubtedly  represented  their  content.  it  was
essentially practical in nature, The chapter chosen to start this collection is from his 'Mixed Metals
or Metallic Alloys' book from 1890.

The chapter deals with German Silver. it is chosen here for two reasons. The alloy known by this
name is, more than any other a product of Birmingham technology. It grew out of the better-known
brass industry, being essentially brass with nickel added. It also provides a link to the state of the
subject and how little understanding had change since Agricola wrote 'de Re Metallica' in 1550,
even though almost all of the elements and many of the chemicals used were available by this time.
The German, or nickel - silver stood essentially on the merits that Agricola reported on silver alloys:
the quality of its colour. The books written by Hiorns are all about how to, they are all short on the
explanation of phenomena. They are recipe books and, as is usually the case for books written by
chefs, Hiorns had tried out most of the recipes, with the help of his many students.

Thomas  Turner,  the  author  of  the  second  paper,  was  the  first  Professor  of  Metallurgy  in  the
University  of  Birmingham.  The paper  reproduced here is  considered  to  be the  first  to  give an
understanding of why cast-iron from some sources turned out to be grey and others white. he took
samples from the various ore bodies around the country and used the relatively new techniques of
chemical analysis - J.E. Stead in the other great centre of the iron industry in the North East was an
earlier user of chemical analysis to solve metallurgical problems - to identify that the silicon content



was the main discriminant. This was science used to solve a significant practical problem. it set the
tone for the development of metallurgy at Birmingham University.

While  Hiorn's  reputation stayed in  Birmingham, Turner  became more widely known.  When he
retired in 1926, the party for the occasion was chaired by Neville chamberlain, who was a former
pupil.  Turner  reminisced about  another leading politician,  Stanley Baldwin, being sent to study
under  him.  (Baldwin  was  of  the  family  associated  with  the  South  Wales  steel-maker,  Richard
Thomas and Baldwin).

Although the Journal of the Society was published from 1903 its early volumes contained only a
short paragraph for each presentation. The first lengthier reports appeared after 1910. Even then the
quality of the editing was very variable; some editors tried to report the discussion of the papers but
the quality was inconsistent. The Journal of the Institute of Metals, first published in 1909 was
fortunate in appointing G. Shaw Scott, one of Thomas Turner's students, as its first Secretary. The
Journals are excellent productions. 

The Institute was formed in Birmingham, where its first meeting was held, and the stalwarts of the
Birmingham Society feature large in the early contributions to the Journal. To compensate for the
lack of useable items for the Societies journals, the next three papers are taken from early Institute
of  Metals  journals.  All  feature  people  associated  with the Society and also relate  to  the City's
history.

The first is about brass, for it was the capturing of the brass industry  from Bristol, since the toy
makers had become the principle market for the metal that created the Birmingham metals industry.
It was from this that other opportunities emerged.

The paper by Bengough and Hudson is of interest in showing the state of understanding of the
annealing behaviour in common alloys. The familiar softening curve featured, but the explanation
of the softening was in terms of Beilby's theory that the metal becomes amorphous when heavily
deformed. This presumes that new crystals can form spontaneously at low temperatures; an idea
that did not disappear from the literature until the 1960s. The alloys studied were 70/30 brass and
Muntz-metal - essentially 60/40 bass. Muntz-metal was much celebrated in Birmingham. It made a
lot of money for George Muntz, who was not the first to make it, but he persuaded the Admiralty to
use it to clad its ships instead of the more expensive 70/30 brass. Bengough had been  lecturer in
Turner's department before moving to a lectureship in Chemistry and Metallurgy at Liverpool. He
went on to be a distinguished figure in the profession, becoming a Fellow of the Royal Society in
1938. Hudson was a lecturer in Turner's department until moving to the British Non-Ferrous Metals
research Association (BNFMRA) when it was founded in 1920. This did not require a physical
move. The BNFMRA was based at the University until it moved to London in 1930.

The next paper concerns one of the alloy systems that came from the familiarity with copper and
brass. The first to patent the use of phosphorus in copper and brass was the most famous Brummie
inventor,  Alexander  Parkes.  He  noted  the  marked  strengthening  and  hardening  effect  of  a
phosphorus  addition  and  suggested  that  it  was  suitable  for  making  callico  printing  rollers.  It
subsequently found use in bearings and became important in the explosives industry, which was  a
Birmingham speciality, because of it spark-free characteristic. The paper by Hudson is included to
show the excellence of his metallography. He studied a number of different copper phosphorous
alloys  identifying  several  Cu-P  and  Cu-Sn  inter-metallics,  making  the,  for  1910,  interesting
observation that he had to use colour photography to distinguish between some of them. Phosphor
bronze is another of the many copper related alloys that came out of Birmingham. 



The third paper taken from the Institute of Metals Journal is an early illustration of the fate of many
metallurgists,  which  is  to  help  engineers  understand  what  went  wrong  with  their  designs.  T.
Vaughan Hughes was probably a consulting engineer, his address is given as 130 Colmore Row.
The problem he was asked to solve was important to an engineering application that was in its
heyday, railway locomotion. Apparently brass boiler tubes started to burst, causing interruption to
the traffic.  Although Hughes does not  quite  say so,  it  appears  that  the water  in the boiler  had
initially been from artesian wells, which would be mildly alkaline but was replaced, after the Elan
Valley surface water supply came available in the first decade of the 20th century. This had a mildly
acidic quality. Hughes was presenting his paper in London but does not specifically mention this
milestone in the development of the City of Birmingham.

The first paper reproduced from the Society's journal is by one of the greats of metallurgy in the
early years of the twentieth century.  Walter Rosenhain was Superintendent of Metallurgy at  the
National Physical Laboratory (NPL). The paper is also the first that is concerned specifically with
steel (there are others in the second volume of this anthology). This was not the first time Rosenhain
had lectured to the Society. On Friday April 3rd, 1908 he lectured on 'Chemistry of Alloys'. On that
occasion Neville Chamberlain was in the chair.

His paper from 1910 is a good example of the thinking about low carbon steels at that time. The
great French metallurgist, Osmond, had by that time named the various phases that have survived to
this day and confirmed in general the work of Roberts-Austen, but there was still much mystery
about  how austenite  transformed  to  ferrite,  or  martensite  and  it  is  this  matter  that  Rosenhain
investigated. He had a very clear faith in the β-phase being important in the processes that occurred
and  even  constructed  a  diagram purporting  to  show that  it  was  stronger  than  either  ferrite  or
austenite, but his discussion of the methods of determining phase boundaries is of interest. The use
of metallography and thermal analysis added significantly to the metallurgist’s armoury and, apart
from mechanical testing, was all there was until the Braggs introduced X-ray crystallography.

In this era aluminium was a new metal. It first featured in 1911 in the paper by Fred Lantsberry. He
had  worked  with  Rosenhain  at  the  NPL,  as  he  was  proud  to  point  out,  before  coming  to
Birmingham  to  initiate  research  for  the  Birmingham  Small  Arms  Company.  He  subsequently
transferred  to  the steelmaker,  William Jessop,  which  was acquired  by BSA in 1920,  becoming
President of its US subsidiary.

The aluminium alloys discussed in his lecture include the aluminium bronzes and most of the light
alloys that are still the main products of the aluminium inductry.  In this paper, as in the preceding
ones by Bengough and Hudson, Hudson and Rosenhain, the methods of metallography, first used by
Sorby  around  1860,  is  shown  to  have  become  a  standard  method  of  investigation,  alongside
mechanical  testing and the,  by now routine,  chemical  analysis.  Although X-ray diffraction was
recognised in the following year, it was another 20 years before it became a common technique to
use in metallurgical studies.

The next article chosen for this collection of the papers is a steppingstone relating to the state of the
art in cast-iron, as its title clearly indicates. J.E. Fletcher was a consultant to the British Cast Iron
Research Association (BCIRA). This was formed in 1923, three years after BNFMRA. The paper is
entirely in the tradition of the 1886 paper by Turner. Apart from chemical analysis and a description
of the effect of variables, it does not show much in the way of progress in understanding in the
intervening 40 years. This may be unfair to the author, perhaps being the responsibility of the editor
at that time, who was Turner's son, T. Henry Turner, who will be met again in Volume II. He was
not the best of editor's and by 1926 his father had retired and was spending his remaining active
years at the Royal School of Mines in London.



It is surprising that it was not until 1927 that a lecture was given on nickel alloys, since it was in
Birmingham that the nickel industry really got under way almost a hundred years earlier. By this
time, the major use of nickel was in steel making, which has continued to be the case ever since.
This application really took off after James Riley, a Scottish steelmaker, became aware of a French
patent, filed in France in 1883 by Henry Marbeau. Riley confessed to having ignored the earlier
evidence of the effect of nickel. Alexander Parkes patented the use of nickel in steel in 1870, noting
in his specification the toughening effect of the additions.

The paper by W.T. Griffiths not only introduced nickel, but it was also one of the, if not the, earliest
to tell Birmingham metallurgists that there was a whole array of physical properties to attract their
attention. It was already thirty years since Guillaume had discovered the nickel-iron alloy, Invar,
with its  very low thermal expansion, but only three years since a group at  Bell  Telephone had
reported on a variety of magnetic properties and their uses in telegraphy.

In 1927 Griffiths was listed as a researcher for the Mond Nickel Company. A decade later he was
Head of Research and was senior to the head of Laboratories, Leonard Pfeil. Although Grifiths was
involved in setting up the development of the programme that led to the Nimonic alloys, leading the
discussion for the Company with staff of the Royal Aircraft Establishment at Farnborough, it was
Pfeil  who  was  eventually  credited  with  their  development.  The  Farnborough  personnel  would
almost certainly have included the more famous A.A. Griffith.

Griffiths' rewards came in a different form; he became managing Director of Mond Nickel and a
Vice-President of International Nickel in 1945. He was President of the Institute of Metals in 1944.

One of  the features  that  arises  repeatedly  in  the  years  before the 1939 -  45 war is  that  much
metallurgical development originated in Germany. A good example is the production of magnesium,
which was reported upon by Edward Player. He was at the time Managing Director of Sterling
metals, then a licensee of the Elektron alloys developed by IG Farben. After Sterling merged with
Birmingham Aluminium Castings to form Birmid Industries, Player became Group M.D. As one
would expect his lecture was substantially a sales pitch, but a very professional one.Player was just
one of the men of quality for whom this anthology provides a minor memorial. 

O.F. Hudson whose first contribution to the Society's programme was in the 1904/5 season was still
supporting it with a quality contribution in 1930. This one reporting on an extensive programme of
work on solders that had been carried out by BNFMRA. It was to be the last by Hudson since, as
recorded by N.P. Allen in an editorial in January 1931, 1930 was the last year in which BNFMRA
was a tenant of the Metallurgy Department of Birmingham University.

It is doubtful whether metallurgists would today buy The Metals Reference Book by C.J. Smithells.
All of the information it might contain can now be found somewhere on the Internet. In the second
half of the twentieth century, it was essential to have access to a copy. Smithells was employed by
the General Electric Company,  which,  by the time of his  talk in 1931 was engaged in making
devices with a wide range of applications, many of them requiring small amounts of less common
metals.  His  talk,  although  relatively  superficial  provided  a  little  spice  to  an  audience  usually
involved in heavier industry.

The next speaker,  W.F Brazener,  who was President at  the time and had given his Presidential
Address  just  a  month  earlier,  was  involved in  heavier  industry,  being  employed  by ICI  Metal
Division at the time. A few years later he moved over to the business of using the metal he had
previously rolled,  when, in 1936, he became Managing Director of the Birmingham Mint.  The
paper  is  of  historic  interest.  Tough  pitch  copper  was  the  copper  equivalent  of  rimming  steel,



entrapment of gas enabling better yields to be achieved. Continuous casting now gives improved
yields in a much cleaner way, making both rimming steels and tough pitch copper obsolete.

The two most significant metals associated with Birmingham are nickel and titanium. No excuse is
needed to justify including a number of papers relating to nickel and the one reproduced here on
nickel alloys is by one of the most significant contributors to the development of the industry: W.R.
Barclay. He deserves to be better remembered as the paper by him in Volume II will illustrate. He
had been Managing Director of Henry Wiggin. He was a Sheffield man, who had done research on
electro-plating  at  Sheffield  University  with  Professor  McWilliam (a  former  student  of  Thomas
Turner) and written a book on the subject. This evidently qualified him to become the manager of
the plating department of Joseph Rogers, the leading cutler. In the 1914 - 18 war his familiarity with
copper-nickel alloys earned him the position of Chief Metallurgist in the non-ferrous rolled metals
section  of  the  Ministry  of  Munitions.  In  1919  he  joined  Henry  Wiggin,  becoming  Managing
Director in 1928, stepping down only three years later due to his  poor health,  but remaining a
consultant to the Mond Nickel Company until his death in 1936, shortly after becoming President of
the Institute of Metals. He had been President of the Society in 1927.

It would be inappropriate to have no representative of the jewellery interests of Birmingham. The
Jewellery Quarter  was a user of metals  made elsewhere,  most  commonly by Johnson Matthey.
However, Edmund Downs did not restrict his talk to applications to jewellery but briefly covered all
of the generic uses, as well as the extraction and processing, of the three most prominent precious
metals as they were in 1953.  Since that time the metals have increased in importance with the
development of micro-electronics, and the car -making and energy generating industries.

Titanium came to Birmingham in 1954, when the inventor of the process used to extract it, W.J.
Kroll presented a very full description of his process to a meeting of the Society. Kroll's presence in
Birmingham was almost certainly due to ICI Metals Division being encouraged by the Government
of the day to involve itself in producing this metal of the future. The result of that encouragement
was the formation of a New Metals  Division with a major research laboratory being set  up to
support  the  business.  Dr  Beeching was Chairman of  ICI  Metals  Division  when the  significant
developments were put in hand. The building housing the research was known as Beeching's folly.
The titanium plant was opened in 1955. That this celebrity gave so full a description of his process
was a  rare  occasion  for  the Society,  as  is  evidenced by the editorial  which preceded it  and is
reproduced here.

Steels are represented in this section by the varieties that were of interest to most of the metals
businesses in Birmingham, tool steels.  It  is surprising that these had not featured earlier  in the
meetings of the association; forgers, sheet metal stampers, wire drawers, spinners, machinists and
even some casters use tool steels and undoubtedly experienced problems of premature failure and of
dimensional inaccuracy. The paper reproduced here from 1957 is by a member of one of the leading
Sheffield manufacturers of tool steels. In it he refers to the original paper by Davenport and Bain in
which the value of T.T.T curves was first demonstrated, but that was in 1930, so 27 years was a long
time to pass before tool steel users were made aware that the problems they experienced could have
a rational explanation.

Preparations for making titanium started a few years before Kroll came to town. Marion McQuillan
was appointed as a technical officer in the titanium research section in 1951. She became its head in
1956 and she and her husband, Alan, published their book 'Titanium' in 1957. This was the main
reference book on the metal. The lecture reproduced here has not lost any value with time. It is a
good record of the interest in the new metals in 1959 and is clearly the work of an expert. Mrs
McQuillan became the second female President of the Society in 1967; in the same year she became
technical Director of the New Metals Division of IMI.  She was listed among the female pioneers in



engineering, as was the first lady President, Dorothy Pile, whose Presidential Address is reprinted in
Volume III. In both cases the papers have photographs of their authors attached. (A rogue’s gallery
of distinguished men is appended to Volume III.)

The penultimate lecture returns to the beginning of scientific metallurgy in Birmingham and is a
good illustration of how far matter had advance in the intervening half century. The two authors of
the published paper are both important figures in the history of the subject of castings.  Henton
Morrogh was Director of the BCIRA; His associate W. Oldfield went on to head the Steel Castings
Research and Trade Association (SCRATA) in Sheffield. The paper reproduced here is a model of
clarity and coverage of its subject, but its methods had not moved on from using metallography and
mechanical properties as the basis of their conclusions. X-ray information would have made known
to all concerned the crystal structures that were present, but the scanning electron microscope with
its associated micro-analytical capabilities were not yet available to study the segregation of the
minor elements that play such a part in the phenomena described.

When this paper was written a metallurgist being told that cast metal would ever displace wrought
metal from critical applications would have regarded the suggestion as ludicrous, yet just a few
years earlier the seeds of the revolution that has since occurred were there when J.J. Gilman pointed
out  that  single  crystals  are  stronger  at  high  temperatures  than  polycrystals.  Since  then,  the
introduction of hot and cold isostatic pressing, clean metal and vacuum casting has eliminated many
of the defects that castings were thought to always contain, so that in many cases, not all of them
involving high temperatures, castings have now replaced wrought metal.
 
Few presidential lectures have been chosen; most were aimed at a more general audience, as was
the last paper included here, for an occasion when members were invited to bring their partners. It
was inevitable that the lecture by Lionel Beresford entitled 'Brummagem Brass' would be included.
It is a happy romp through the history that is an important part of the Birmingham's history. 

Lionel Beresford was a technical journalist,  writing for Metal Industry.  He edited the Society's
Journal for almost ten years and no doubt took away plenty of copy from the lectures for his day
job. He was educated at Handworth Technical College. The Birmingham Gazette records him as a
student there in 1929, lecturing his fellow students on the production of iron and steel.



GERMAN SILVER

A.H. Hiorns
Lecturer in Metallurgy at The Birmingham and Midland Institute

(Chapter V of Mixed Metals or Metallic Alloys (Macmillan and Co. London (1890))

The alloys, largely manufactured under this name, consist essentially of nickel, copper, and zinc.
Different names are used to signify the same substance, such as: Nickel-Silver, Argentan, Packfong,
White-Copper,  Weiss-kupfer,  Neu-Silver, and  Maillechort.  Besides  these,  different  manufacturers
employ fanciful names to denote alloys containing different proportions of the constituent metals,
which  they  consider  best  suited  to  produce  a  given  result,  a  good white  colour  being  a  great
desideratum,  Thus:  Nevada  Silver,  Virginia  Silver,  Potosi.  Silver,  Silveroid,  Silverite,  Electrum,
Afénide, Agiroide, etc. are simply German silver; but in some cases, a little cobalt is present as well
as nickel, and some makers add a small quantity of iron or manganese, 1 to 3 per cent of lead is
sometimes added for cast work.

The properties which make German silver so valuable are its white colour, lustre, hardness, tenacity,
toughness,  malleability,  ductility,  and  power  of  resisting  certain  chemical  influences.  When
carefully prepared it works well under the stamp, and between the rolls, but it is advisable that the
metals used in alloying should be as pure as possible, since small quantities of certain impurities,
such as arsenic, seriously injure its working qualities. Cobalt frequently accompanies nickel in its
ores and becomes reduced at the same time as that metal, and alloys readily with it; but as the
chemical and physical properties of both metals are closely allied to each other, cobalt does not
exert an injurious influence.

Iron  has  a  beneficial  effect  on  German  silver  for  some purposes.  It  makes  the  colour  whiter,
increases the tenacity and elasticity, but makes it harder. In some experiments made by the author, 1
to 2 per cent of iron was found to have no deteriorating effect, except with regard to hardness, and
the colour of an alloy containing 12 per cent of nickel was equal to one containing 16 per cent, in
which no iron was present, the same quantity of zine being used in each case. The metal rolled
remarkably well. In the better qualities of German silver used for rolling and spinning, iron was
found to be injurious, and for these purposes the purer the alloy the better it works. All commercial
varieties of German silver contain iron, especially when scrap-metal is used in connection with new
metal for the melting charge, the iron being probably obtained from files and other tools used in the
fabrication  of  the  various  articles,  Packfong,  the  original  nickel  alloy  introduced  from China,
contains as much as 3 per cent of iron. Gersdorff states that iron is difficult to alloy with the other
constituents, and when that metal is added to fused German silver it does not combine with it, and
forms upon the surface of the fused mass a layer, consisting of copper, nickel, and iron. He states
that the iron must be previously fused with a portion of the copper, under a layer of charcoal-
powder in a blast-furnace, and the alloy formed may then be used to alloy with the nickel, zinc, and
the  remainder  of  the  copper  required.  This  is  quite  unnecessary,  as  proved  by  the  author’s
experiments,  in  which copper  nickel  and the best  iron wire were strongly heated together  in  a
covered crucible, and zinc added to the molten contents, then vigorously stirred. The metals were
perfectly alloyed together, and no separation of iron could be detected when the ingot was rolled
into a thin sheet and highly polished.

The effect of tin when alloyed with German silver to the extent of from 2 to 4 per cent was found
much more injurious  than that of iron,  the strips being brittle when rolled,  and the metal  of a
decidedly yellow cast when polished. From his experiments the author concludes that there is no



advantage in adding tin to German silver, as it impairs the colour, hardens the metal, and makes it
brittle. Moreover, tin is an expensive metal, and better effects can be obtained by the use of iron and
zinc. An alloy, patented more than fifty years ago, had the following composition:

Silver in certain proportions does not impair the malleability of German silver, but no particular
advantage  is  gained by its  use.  M. Ruolz  many years  ago manufactured  a  series  of  alloys  for
jewellery having the following composition:

By varying the proportions, the alloys may be made to resemble silver very closely; but the nickel
and copper must be of good quality, or the alloys will be hard, brittle, and difficult to work. It is
stated that French jewellers still use these and similar alloys, An old alloy, termed American nickel
silver, contains:

Another  alloy,  having  the  same  advantage  of  being  complex,  which  is  its  chief  merit,  was
introduced by Mr. Toucas, and consists of:

According to the inventor, it has nearly the colour of silver, may be worked like it, and laminated by
the ordinary processes; it is resisting, susceptible of a fine polish, with the lustre of platinum, and
may be silvered perfectly well. He recommends it for objects which are to be spun, hammered, or
chased; but for cast and adjusted pieces he prefers to increase the proportion of zinc, in order to
increase the fluidity of the metal.

Modern  proportions  for  German  silver  alloys  vary  considerably,  each  manufacturer  having  a
preference for his own particular mixture for any given quality. For metal which is to be rolled,
pressed,  or  stamped,  the  alloy  must  be  tough and malleable;  and as  whiteness  in  colour  is  an
important consideration, it follows that the metals nickel and zinc must be present in considerable
quantity in order to overcome the red colour of the copper. For cast work, which only requires to be
filed and turned,  malleability is  not of first  importance,  it  being sufficient  if  the metal  has the
requisite tenacity and toughness, and sufficient liquidity when melted and adaptability to ordinary
moulding purposes. Another item, which cannot be ignored, is that of cost, and as nickel is an
expensive metal, it is to the advantage of the manufacturer to employ as much zinc as is consistent
with the properties enumerated above.



Founders whose speciality is the manufacture of German silver have agreed that the best alloy for
beauty, lustre, and working properties consists of the following proportions:

It is also the most costly among similar alloys, on account of the large proportion of nickel present.

The alloys most largely employed for spoons, forks, and other table and ornamental goods contain
from 6 to 22 per cent nickel; the lower qualities being little better than brass, and only used for the
very commonest goods, and the higher qualities approximating to pure nickel in whiteness. In order
to determine the best proportions to employ for alloys containing 8, 10, 12, 16, and 20 per cent
respectively of nickel the following experiments were made by the author. In all cases the copper
and nickel were melted together under a layer of charcoal, and a little borax added as a flux. The
zinc was added when the former were well fused; and the whole was well stirred with a wooden rod
before pouring the metal into the iron mould. Ordinary commercial metals were employed.

No. I was the whitest, but the weakest, and rolled the worst of the series, No, II was whiter than
Nos. III or IV, and was the toughest of the four; an experimental ingot about ¼ inch thick was bent
double in a vice without cracking. It rolled well but was not so malleable as Nos. III and IV. Nos, III
and IV rolled equally well, but No. III was a
shade the whiter.

With regard to malleability, as proved by rolling, the following order was observed, the numbers
given being in the order of their capability of being rolled: Nos. IV, III, VI, II, I, V, VII, VII, IX, X,
XI, XI. No. IV not only rolled the best, without cracking on the edges, but was also the whitest in
colour. All the ingots were numbered, and passed in succession through the rolls, the ingots being
of the same thickness at the commencement. The condition of each was noticed after each squeeze
of the rolls, and the thickness accurately measured. They were all likewise annealed together under
the same conditions. The first six in order - that is, Nos. IV, III, VI, II, I, V—rolled well, Nos. I and
V being equal in this respect. Nos, VII and VIII rolled moderately well; and Nos. IX to XII rolled
badly, the strips splitting down the middle long before they were reduced to the requisite thinness,
For  the  above  rolling  tests  the  author  is  indebted  to  Mr.  Wilcox  of  Messrs.  Kemp  and  Co,
Birmingham, The above results may be summarised as follows :-That 30 to 31 per cent of zinc, with
less  than  double  the  amount  of  copper,  gives  the  best  results  with  respect  to  malleability  and
whiteness; 32 per cent of zinc makes the alloy more brittle and requires more frequent annealing
during the rolling process; 1 to 2 per cent of iron may be present without seriously impairing the



malleability, the alloys being whiter and harder; tin is very injurious, and imparts a yellowish tint to
the alloy, even 2 per cent making the alloys unworkable.

No. V was the whitest and behaved itself irreproachably during rolling. Nos. III and IV were about
equal in malleability, rolled better than No, II, and were whiter in colour. No. I was the worst of the
series, both as regards colour and malleability. Any higher proportion of zinc, with 16 per cent of
nickel, would probably be injurious. It is here noticeable that the best results were obtained with 30
per cent zine, as in the 12 per cent nickel alloys, but with a less percentage of copper.

No. I rolled badly, but the casting was not sound, through being poured too hot, which somewhat
impaired its malleability, No. III rolled well, although slightly cracked on the edges. No. IV rolled
remarkably well with a clear feather edge. No. V was about equal to No, III, but whiter in colour.
From these experiments it appears that 30 per cent zinc with 20 per cent nickel is rather too much;
probably 28 per cent would combine the advantages of whiteness and malleability in the highest
degree.

The following analyses  by the author  of  different  articles  made of  German silver,  by different
makers, may be instructive:

The above were three different qualities made by the same firm. No. I had been boiled white in a
tinning solution, and the tin was polished off before analysis.

The above were various qualities manufactured by another firm. No. VI was found to work very
badly, probably due to iron, which is more injurious as the percentage of nickel is greater.

Manufacture of German Silver



The  manufacture  of  German  silver  was  formerly  conducted  in  two  distinct  ways,  known
respectively as the German and English methods.

German Process.

In the German method the zinc and nickel to be used for a certain quantity of copper are divided
into three equal portions, On the bottom of a graphite crucible, capable of holding 22 lbs, of the
alloy, is placed a layer of copper, and upon this a layer of zinc and nickel; upon this another layer of
copper is placed, and so on until all the copper is in the crucible, One-third each of zinc and nickel
is retained for future addition, The contents of the crucible are then covered with charcoal powder,
and  the  metals  melted  in  an  ordinary  casting-furnace.  When  the  contents  are  supposed  to  be
liquefied, an iron rod is inserted, and if the whole is thoroughly fused, it is then vigorously stirred.
The remaining zinc and nickel are then added in portions at a time, and the whole well stirred after
each addition, a brisk fire being maintained to prevent chilling of the alloy by the freshly added
metals. After the introduction of the last  portion,  an additional piece of zinc is thrown into the
crucible to compensate for loss of zinc by volatilisation. If the alloy is intended for rolling, it is,
recommended to keep the finished alloy liquid for some time longer before casting, keeping the
surface well covered with charcoal in the meantime

English Process 

The English differs from the German method chiefly in the manner in which the metals are melted
together,  no  portion  of  the  zinc  and  nickel  being  retained,  but  the  entire  quantity  of  metals
consisting of 8¼ lbs. copper, ½ lb. zine, and 2 to 3 lbs. nickel is melted at one time. The mixed
metals are placed in a red-hot crucible and quickly covered with a thick layer of coaldust. The
furnace  is  urged  to  its  highest  pitch,  so  as  to  fuse  the  metals  as  quickly  as  possible.  After
ascertaining by an iron rod that the mass is liquefied, a previously prepared alloy, of 1 part by
weight of zinc and ½ part by weight of copper, is added, the quantity for the above charge varying
between 1¾ and 2 lbs. When this alloy is melted, and the entire contents of the crucible forms a
homogeneous whole, 2 lbs. of zine are finally added. The mass, being kept covered with coaldust, is
then heated as strongly as possible, and when thinly fluid, a sample is taken to test its qualities.

The metals during melting always absorb oxygen, which is liable to produce blowholes when the
alloy is cast. The nature of the alloy may be ascertained by taking a small quantity as a test, and if
this exhibits unsoundness, some makers push a fire-clay pipe to the bottom of the crucible and drop
some  pitch  through  it  to  the  bottom  of  the  metal,  and  then  remove  the  tube.  The  pitch  is
decomposed, giving rise to reducing gases which combine with the oxygen in the metal, and by
vigorous stirring before pouring, are removed.

It need hardly be stated that the distinctive methods of working, just described as the German and
English methods, are not generally carried out at the present time, a modification being found more
rapid, economical, and attended with equally good results,

The separate metals entering into the composition of German silver are not generally used in the
free state but are previously made into binary alloys. Thus, nickel is alloyed with copper by some
manufacturers in the proportion of 2 parts by weight of copper to 1 part of nickel, while others use
equal weights of these metals. Zinc is used in the form of brass, common mixtures consisting of
equal weights of copper and zinc, and 2 parts zinc to 1 of copper.

The crystalline nature of German silver  when cast  in  iron moulds renders the metal somewhat
difficult of mechanical manipulation, especially when the amount of nickel present is high, but this
may be overcome by careful annealing at a moderate temperature, and by judicious hammering. Of



course there are certain proportions which give better results than others, as shown by the author’s
experiments on the subject already enumerated. The crystalline structure gradually disappears as the
plates are reduced by rolling, with occasional annealing as the process proceeds, and when the strips
have been rolled sufficiently thin for ordinary stamping purposes, the cause of brittleness has been
practically eliminated, so that the alloy can be worked into any desired form.

It has been found in practice that certain varieties of German silver become more homogeneous by
remelting, and can be worked with greater facility, but this is unnecessary if suitable proportions are
selected at the commencement, and copper-nickel alloys with copper-zinc alloys used for melting
together to form the desired alloy, instead of using the separate metals. It must also be remembered
that each time German silver is remelted in a crucible in the ordinary way, a certain amount of oxide
is formed, and a greater portion of the zine than the copper or nickel is volatilised, so that the
relative amounts of the constituents are altered. In the case of remelting, it is necessary to add a
portion of metallic zine to compensate for the loss, and it is advisable to add this zinc after the
fusion of the alloy has been effected. There is reason to believe that the zinc thus added assists in
purifying the metal, by uniting with the absorbed oxygen. Whether this is so or not, the author has
proved that such an addition is beneficial in many cases, if not in all.

Great care is required in casting the alloy to avoid chilling of the metal, and as a high temperature is
requisite to keep the metal sufficiently liquid for pouring into the moulds, the casting shop is kept
closed and all spaces which ordinarily admit cold air are stopped up. All the precautions with regard
to blacking and heating of the moulds, etc., as described when speaking of brass strip-casting and
moulding, apply also to German silver. But as German silver is more easily chilled than brass, it
may be necessary, after one mould is filled, to re-heat the remaining portion of metal in the crucible
before pouring it into a second mould.

The moulds used for German silver strip-casting are of the same shape as those described for brass-
strips but differ in size. The running sizes of plate-ingots are 16 to 18 inches long, 4, 4½, and 5
inches wide, and 1 to 1¼ inches thick. The wire-ingots are about 4 feet 6 inches to 5 feet long, 3¼
inches wide, and 1¼ inches thick.

German Silver Solders

Hard solders, employed for joining the parts of German silver articles together, are generally made
of the same metals as those which compose the alloy to be soldered, but in such proportions as to
have a lower melting point. In general, the soldering is more perfect the nearer the fusing point of
the solder approaches that of the metal of which the article is composed, but the greater is the care
required to avoid melting it. In some cases, silver solder is used for German silver articles; and
German silver solder is also used for soldering articles of iron and steel, on account of its high
melting point and great tenacity.

German silver solder is known by different names, such as “argentan solder,” “arguzoid,” etc. It is
rendered moderately fusible by the addition of a large proportion of zine to the copper and nickel.
The mode of manufacture is similar to that already described for brass solder, and the proportions of
the ingredients will depend upon the composition of the alloy which it is required to solder, For the
higher alloys,  i.e, those rich in nickel, a more refractory solder is advisable than with the cheaper
and more fusible alloys.

In making argentan solder the copper and nickel should be melted first, and the zinc added in the
free state, or in the form of brass, containing much zinc. The mixture is then cast in thin plates,
which are broken into pieces while hot, and crushed to powder in an iron mortar. The facility with
which it can be pulverised will depend upon the proportion of zinc. If it is too brittle it indicates too



much zinc, and even if somewhat malleable, too much zine may be present; in either case the defect
may be remedied by adding the fresh metal required and remelting. Excess of zinc may be removed
by remelting, when some of that metal will burn off, but this is of course wasteful and expensive.
The right composition can always be determined by taking a small quantity and testing it before
pouring the main portion. The colour is greyish-white, with a strong lustre.

In order to test the best proportions for soldering articles containing 16 to 22 per cent of nickel, the
author obtained a sample of the solder used by a large manufacturer for the above alloys, which, on
analysis, gave the following proportions:

 The following trial samples were then prepared:

The three samples were pulverised whilst hot and tested by a workman accustomed to use the solder
of which the analysis is given above, He considered No. II the best for soldering, but preferred the
one he had been accustomed to use. No. III was pronounced porous, from which it was
inferred that 57 per cent zinc was too much,
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In the presidential address delivered by Dr. Percy to this Institute in 1885, the following remarks
occur : - “ It is not many years since we had to grope about to discover an analysis of iron ore or of
pig iron,  whereas  now we are  actually  overwhelmed with  such analyses,  We are deluged with
percentages of carbon, graphitic or combined, of silicon and manganese, of sulphur and phosphorus,
We are  bewildered  by this  vast  accumulation  of  material,  like  the  traveller  in  the  mazes  of  a
primeval American forest. What is now wanted is the man to reduce it to law and order, to evolve
from it principles for our sure guidance” (p. 33). All who are acquainted with the various branches
of iron analysis must feel how true the foregoing remarks are in the present state of our knowledge.
For though chemical analyses abound in the various textbooks and journals connected with the
manufacture of iron and steel,  we are still  in many cases unable from the chemical analysis to
predict with certainty the mechanical properties of a given specimen. It is true that by a knowledge
of the composition of a particular sample of pig iron we may predict with considerable accuracy its
suitability or otherwise for the various processes of steelmaking, or for use in the forge. A very good
or a very bad sample of steel may be also very generally recognised by analysis. But there is a large
intermediate class of steels in which chemical analysis fails to indicate the true mechanical value,
while very divergent opinions are expressed on the subject of the composition of cast iron most
suitable for definite applications. It is probable that these difficulties are by no means dependent
upon imperfections in methods of analysis, or any uncertainty in analysis as an index of mechanical
value; but in many cases they arise from our own inability to rightly interpret the meaning of the
analyses themselves. And, in the case of cast metal at least, our knowledge cannot be considered
complete until we are able to correctly estimate the mechanical value of any given specimen of
which the chemical analysis is known; and conversely, when any given mechanical properties are
desired, we should be able to say at once what would be the most suitable composition for the
material,

The present paper is an attempt in some measure to systematise our knowledge of the constituents
generally present in cast iron, so as to attain the two objects just mentioned. It is not to be expected
that these objects  can be completely realised at  present,  and my paper is  more suggestive than
dogmatic in a number of the points to which it refers. The whole subject is, as Dr. Percy observes,
intricate and complex, and much systematic work yet remains to be done before the real influence
of the various constituents can be considered as fully determined.

There is doubtless a great deal of knowledge of the effect of composition on the properties of cast
iron which has been obtained by manufacturers as a result of long experience, and which is hidden
in the iron works and foundries of this country, But in metallurgical books the information is of a
very meagre description, and probably a considerable number of experienced iron-founders rely
more on their own conclusions, based on the results of long practice, than upon any well-established
chemical principles,

The elements which most commonly occur in cast iron are carbon, manganese, phosphorus, silicon,
and sulphur, all of which are invariably present in greater or less proportion, and the influence of
each  we  shall  consider  in  detail.  Besides  these  constant  constituents  there  are  others,  such  as
arsenic, copper, and titanium, which occur less often. In older analyses, too, it is not uncommon to
find the occurrence of aluminium, sodium, potassium, magnesium, and calcium; in  some cases



several per cent. of these constituents being returned. Doubtless many such statements were made
upon au insufficient foundation, for at present we seldom hear of the occurrence of these elements. .
But it is probable that several of them at least would be found in small quantity perhaps more often
than is generally supposed, if sought for with sufficient care. For even if they do not exist in cast
iron in any other form, aluminium, magnesium, and calcium can be recognised in the small amount
of intermingled slag which can be separated from this variety of metal, We cannot, however, at this
time refer to any elements other than those which I have called the “constant constituents” of cast
iron.

In  connection  with  this  subject  there  have  been  two  opposite  opinions  advanced  by  different
authorities, each of which found expression at the meeting of this Institute, held at Glasgow last
autumn, On the one hand, it is suggested that probably the best mechanical properties would be
obtained in a cast iron which contained, if possible, nothing but carbon and iron, all other elements
being regarded as impurities, On the other hand, it is said that possibly very considerable quantities
of other  elements might  be added,  even upwards  of ten per  cent.,  without  rendering the metal
unfitted for the founder’s use. It might be, if we could obtain chemically pure iron, and add to it
only absolutely pure  carbon,  that  the  first  suggestion would prove correct,  and possibly,  if  the
various constituents could be added in just such proportion as to neutralise each other's ill effects, as
under some circumstances they are capable of doing, then the second suggestion might likewise
prove true, But in the following pages I hope to show that practically neither of these views is
correct, As a matter of fact we cannot manufacture pure iron, and we cannot neutralise the ill effects
of large proportions of foreign substances. But what we can do is to produce a cast iron of tolerable
purity, from which, by variations in the proportions of the constant constituents, we may prepare a
metal of any desired character.

Carbon.

Carbon is the most important constituent of cast  iron, and the one which appears to impart  its
characteristic properties. On account of the remarkable differences produced by variations in the
proportions  of  combined  carbon  and  graphite,  which  are  even  greater  than  those  produced  by
variations in certain different elements,  we shall  consider total,  combined, and graphitic carbon
separately.

1. Total Carbon. 

It is pretty commonly accepted that the border line between steel and cast iron is reached with about
1.5 per cent,  of carbon, Although some analyses, published upwards of thirty years ago, return
upwards of 6 per cent, of carbon in a cast iron, probably all will agree with Mr. Snelus, who stated
sixteen years since, that in several hundred analyses of all brands of iron, he had never in a single
case found the carbon to reach 5 per cent.;* and this may be regarded as the maximum value. These
numbers give a range of 35 per cent., but practically such large variations are not often observed. It
is seldom that the amount of carbon exceeds 4 per cent. except when much manganese is present, as
in spiegeleisen; and it is not often that less than 2.5 per cent. of carbon is found in cast iron, except
when the proportion of silicon is unusually high, as in silicon pig, which with 10 per cent, of silicon
generally contains under 2 per cent, of carbon. For the more ordinary irons the amount of carbon
may be said to  vary only from about  3 to  3.8 per  cent,  and about  this  proportion is  generally
preferred for foundry purposes, a smaller amount being considered objectionable.

It would, however, be incorrect to suppose that iron containing only 2 per cent, of carbon is of
necessity deficient in any of the important characters of the very best cast iron. On the contrary, I
have shown that an excellent foundry iron may be produced with only 2 per cent, of carbon; this



gave remarkably good castings, was very soft to the tool, and possessed a tensile strength of nearly
16 tons per square inch. The objection to low carbon cast iron is probably connected with the fact
that its production is generally due to some irregularity in the working of the blast furnace, and the
iron is apt to be somewhat irregular in its character also. Hence, when a uniform product is desired,
 low carbon cast irons, made in the blast furnace, are undesirable, but when prepared by suitable
mixing they often possess unusual strength.

Combined Carbon.

The influence of carbon in combination with iron is well known. When present to the extent of
several  per  cent.  it  renders  the  metal  harder  than  the  best  tool  steel,  and it  is  then brittle  and
deficient  in  tenacity.  With  the  separation  of  graphitic  carbon,  however,  the  mass  becomes
honeycombed with a multitude of small particles, each of which is softer and weaker than the metal
surrounding it; and, as a consequence, highly graphitic iron is soft and weak. By a combination of
the two extremes in due proportion we obtain a metal suited to the purpose we have in view. Or in
the words of Schiller, himself an experienced founder, we observe - 

"Ob das Spöde mit dem Welchen,
Sich vereint zum guten Zeichen"

It is important to notice the manner in which this combination is produced. We can only affect the
relative proportion of graphitic to combined carbon in one of two ways. In the first place, by a
difference in the methods of cooling after fusion the amount of combined carbon can be, to a small
extent, increased or diminished at will. But by far the most important effect is caused by variations
in the proportion of other elements present. Thus, an increase of manganese, sulphur, and probably
phosphorus,  necessarily  produces  an  increase  in  the  proportion  of  combined carbon,  while  the
addition  of  silicon  produces  an  exactly  contrary  effect.  And  hence  in  the  proportion  of  other
elements, when rightly interpreted, we have an indication of the relative amounts of graphitic and
combined carbon.

This fact has hitherto been far too often overlooked by those who make mixtures of various kinds of
iron. We frequently hear of iron as of a hard or soft “nature” as the case may be, and it is forgotten
that this “nature” is not unalterable. A sample of iron can be either hardened or softened at will,
when its chemical analysis is known, by slight alterations in the proportion of its constituents. And
these alterations can be made with no extra expense to the founder, if he proceeds upon certain
fixed and definite principles. .Of these I have recently given a partial account,* but shall endeavour
to render this account more complete and well defined in these pages.

Unfortunately, hitherto we have had but little accurate data as to the most suitable proportion of
combined carbon for iron of definite mechanical properties. Single analyses dispersed throughout a
number of books are of little value for this purpose; what is wanted is a series of experiments, either
like those conducted at Woolwich in 1856-58, in which a large number of specimens were examined
both chemically and mechanically, and the results tabulated in a form suitable for comparison; or,on
the other hand, a series in which one constituent varies while all others remain as nearly as possible
constant. It is to be regretted that in the Woolwich report there are but few returns of combined
carbon, and hence my conclusions are based chiefly upon my own observations, supplemented by
the important results of Mr. Charles Wood† 

My experiments were principally conducted upon bars of 1-inch diameter, and weighing only about
7 pounds, and as a consequence the amount of combined carbon in the intermediate bars, which



were produced by mixing silicon pig with white iron, is somewhat higher than that observed by Mr.
Wood, who used a larger amount of material, This difference is due to the more rapid solidification
of  the  smaller  quantity  of  metal,  and  as  a  consequence  also,  somewhat  greater  variations  are
observed, caused by slight differences in temperature or the state of the mould. Hence Mr. Wood's
numbers for combined carbon are probably nearer than my own for practical purposes, though both
show the same general character,

The lowest combined carbon is met with in cast iron, which contains from 4 to 7 per cent. of silicon,
the quantity varying from a trace to 0.2 per cent., according to composition and size of casting. This
class of metal is weak and rather hard, as the most suitable amount of silicon has been exceeded.
The softest cast iron differs from that just mentioned usually by containing a few hundredths per
cent,  more  combined  carbon,  the  difference  in  character  being  due  to  alteration  in  other
constituents, often silicon. 

Thus Mr, Stead’s analysis shows (p. 467) the combined carbon of

or a difference of only 0.04 per cent. Other analyses show even a smaller difference; but it appears
that the softest metal always contains a trace more combined carbon than 5 per cent, silicon iron.
The maximum general strength is obtained with not less than 0.4 per cent. of combined carbon, the
metal being sufficiently soft to work with the tool, the tensile and crushing strengths being both
tolerably  high.  With  more  combined  carbon  the  metal  becomes  harder,  the  crushing  strength
increases, while the tensile strength diminishes, and a metal suitable for rolls is obtained; this class
of iron not unfrequently contains upwards of 1 per cent. of combined carbon. It is interesting to
notice also that though silicious iron with about 5 per cent. of silicon usually has little more than a
trace of combined carbon, this amount again increases with a higher proportion of silicon; hence
large amounts of silicon appear to have an exactly contrary effect on combined carbon to that of
smaller quantities. Thus, in my own observations it was noticed that

And in several other specimens of silicon pig, containing about 10 per cent. of silicon, the amount
of combined carbon has been found to be about 0.70 per cent.

On arranging the different qualities of iron in order of combined carbon we have the following
summary: - 

The term “general strength” is applied to a cast iron in which a considerable crushing strength is
accompanied  by a  high  tensile  strength.  In  this  case  the  transverse  and  torsional  strength  will
probably also be high. As we have seen, the amount of combined carbon will vary according to the
properties which are desired, either crushing or tensile strength being made to increase or decrease



at  will.  And it  is  to  be  remembered that  any required  proportion  of  combined carbon may be
obtained by altering the amount of silicon on the one hand, or of manganese and sulphur on the
other,

Graphitic Carbon. 

The amount of graphitic carbon will obviously depend upon the percentage of total carbon, and the
proportion of this which is in the combined form. We have therefore already partly considered the
most suitable proportion of graphite when speaking of combined carbon, since this value can be
obtained by subtraction when the total carbon is known. In considering the most suitable amount of
graphite, it will be necessary to assume a certain quantity of total carbon. The average for British
cast iron is about 3.4 per cent, and this may be taken as a standard. Now since variations in the
amount of total carbon have less influence on the properties of the metal than equal variations in the
proportion of combined carbon, it follows that small variations in the amount of graphite are less
important than equal variations in the amount of combined carbon. To illustrate my meaning, three
specimens of iron having the following composition would not differ very materially in strength and
hardness:

because a small increase in graphite, while combined carbon remained constant, would not very
much affect the ratio of the two forms of carbon to each other. But on the other hand, if a similar
alteration of 0.4 per cent, had taken place in combined carbon while the graphite had remained
constant, the ratio would have been considerably altered, and the properties of the metal would be
very different,

In the report “Cast Iron Experiments, 1858,” p. 154, there are given the analyses and mechanical
tests of fifty-three samples of cast iron. Of these, fourteen contained upwards of 3.1 per cent. Of
graphite, and it is shown that only two out of the fourteen were of more than average quality. The
six specimens possessing the highest tensile strength contained on an average 2.73 per cent.  of
graphite, while the average graphite in the six specimens with greatest crashing strength was 2.59
per cent. It should be mentioned, however, that in obtaining this last average, specimens common to
both classes have been omitted, as also two other specimens which contained upwards of 1 per cent,
of phosphorus.

These  numbers  will  obviously  depend  to  a  considerable  extent  on  the  amount  of  total  carbon
present, but probably in the majority of cases the following values will be found best: -

These numbers are only correct, however, when the total carbon is about 3:4 percent, and some
remarks on the effect of smaller amounts of graphite will be made at later stage in this paper.

Silicon

In order of importance silicon ranks next to carbon as a constituent of cast iron. It is always present
in cast iron, and the variations in the proportions in which it occurs are very considerable. Thus, in
iron employed in the foundry we have a maximum range of about 4 per cent. in silicon, while for



special purposes iron is manufactured which contains upwards of 10 per cent. Its influence on the
character of the metal is very important, though complex, depending upon three separate effects.

The last of these is at present very little understood, and is probably of least importance; practically,
we have to do with the resultant of the other two effects. And for many purposes the proportion of
combined carbon will serve as an index to this resultant.

For the majority of the applications of cast iron silicon is no more entitled to be considered an
impurity  than  carbon.  Either  an  excess  or  a  deficiency  of  total  carbon  is  justly  regarded  as
undesirable; and we have seen that an alteration in the amount of combined carbon entirely alters
the suitability of cast iron for a particular application. It is precisely the same in the case of silicon;
either too much or too little is undesirable. In some cases, an addition of silicon materially improves
the  mechanical  properties  of  the  metal,  while  in  other  cases  these  properties  are  just  as  much
improved by reducing the amount.

During the last three years I have been engaged upon some experiments intended to determine the
influence of silicon on the properties of cast iron. The most important results have already been
published in the Journal of the Chemical Society, but I shall venture here to refer briefly to the
experiments and to give a short summary of the conclusions.

Condition of Silicon. 

It was formerly pretty generally considered that silicon, like carbon, existed in cast iron in two
distinct forms, one crystalline and the other corresponding to “combined” carbon.

If this were the case it is obvious that it would be necessary to estimate both the graphitic and
combined silicon separately before any trustworthy opinion could be formed as to its influence on
the properties of the metal. We are indebted to Mr, Snelus for experiments, recorded in the first
volume of this journal, which show that graphitic silicon is an uncommon constituent of cast iron,
even if it ever occurs. Later observations were made by Morton, Tilden, and others, with similar
result; and, in conjunction with Mr. A. E. Jordan, I have recently conducted some investigations on
the same subject*. We were unable to find crystallised silicon in the residue left on treatment of
silicious iron with an acid, nor could it be separated from cast iron by means of a magnet. We were
equally unsuccessful with two specimens of graphitic matter separated from cast iron. And in the
discussion which followed the reading of this paper† Sir F. Abel stated that graphitic silicon had not
been met with in the analyses, known to be so numerous and careful, which have been conducted at
Woolwich Arsenal. Hence it may be considered settled, that in the vast majority of cases at least,
silicon occurs in only one form; and that, apart from the small quantity of slag usually present, we
only require to know the total silicon in order to determine its effect on the product.

Influence of Silicon 

Much diversity of opinion has been expressed on the question of the effect produced by silicon
when present in cast iron. Thus Professor Calvert said that “the presence of sulphur, phosphorus,
arsenic, or silicon, is always injurious;”‡ while Mr, Gjers has stated that “silicious or glazed pigs
were always bad and unreliable, no matter what they were mixed with.”§ On the other hand, some
writers have contended that in the more usual proportions silicon is not injurious;|| and Mr, Snelus,
writing fifteen years ago, said, “It is generally supposed that the absorption of much silicon tends to
set free carbon in the graphitic state.”¶ This would obviously, in some cases, be beneficial.



In my own experiments cast iron of more than usual purity was specially prepared by heating
South Staffordshire  wrought iron in crucibles  with charcoal.  The product was then mixed with
various amounts of silicon pig, and the resulting metal examined chemically and mechanically.

The materials employed had the following composition

The total carbon was purposely kept as nearly as possible constant at 2 per cent., so as to obviate
any uncertainty due to variations in that element. The only element other than silicon which varied
to any considerable extent was manganese; but in this case the alterations were rather less than one-
fifth of the variations in silicon and would not appear to have introduced an appreciable error.

In Table A the results of my experiments are collected together for the first time. In addition to what
has been previously published, there is added a specimen containing 1.4 per cent of silicon, as that
appeared  from  my  earlier  experiments  to  be  of  considerable  interest.  There  is  also  given  the
calculated transverse strength, which is of importance in connecting together tensile and crushing
strength. The results obtained are represented graphically in Figs. I,  II, and III. The tensile and
crushing tests were performed by Professor A. B. W. Kennedy, of University College, while I am
indebted to Mr. J. P. Walton for assistance in the. analytical part of the work.

Density.

An examination of the relative density of the specimens shows that, when examined in the form of
turnings, the density of cast iron is decreased with tolerable uniformity by the addition of silicon. It
also affords strong confirmation of the statement of the American Commissioners on Ordnance,
1856, that “the tenacity increases quite uniformly with the density until the latter ascends to some
given point, after which an increased density is accompanied by a diminished tenacity.” In these
experiments it will be seen that the maximum tenacity is reached with a density of 7.35 in the
turnings, or 7.518 in mass, the temperature being 20°C. The difference in these two values is due to
the effect produced on the density of the metal by the force exerted during turning. On the other
hand, it will be noticed that the density in mass affords an excellent index to the crushing strength,
which varies quite uniformly with the density, the maximum being in each case with 1 per cent. of
silicon. This observation agrees with the result of the Woolwich experiments of 1858, in which the
specimen  with  maximum  density  also  possessed  the  greatest  crushing  strength;  and  a  close
connection was shown to hold good between these two characters in a large number of cases.



Hardness. 
Table A. 

Effect of Silicon on the Properties of Cast iron

*This number is rather low, as the specimen proved afterwards to be somewhat faulty.
†The value in this case is probably exceptionally high; a crushing strength of about 60 tons might be anticipated from
its position in the series.

The hardness was determined by the weight in grams necessary to produce a scratch with a cutting
diamond when drawn over a smooth surface of the metal. It is therefore entirely relative, but could
be made “absolute” by comparison, in a similar manner, with minerals of known hardness. As thus
determined, it agreed remarkably well with the experience of a skilled workman who turned the
specimens and is doubtless a far preferable mode of expressing hardness to that of “hard,” “very
hard,” etc., of the practical man. The latter method is chiefly of value to the man who makes the
observation but is of little importance as a guide to others.

There  have  been  hitherto  but  few  recorded  determinations  of  the  hardness  of  cast  iron.  The
American  experimenters  adopted  a  method  which  was  at  once  troublesome and open  to  some
objection, A tool in the form of a pyramid was pressed against the metal to be tested with a weight
of 10,000 lbs.; the size of the indentation was measured, and the cubic content calculated. When
recalculated by Pole*  they show a range of  from 2.55 to  10.1,  or  about  1:3.9;  while  my own
experiments show a maximum variation of from 22 to 72, or nearly 1:3.3, an agreement which is
quite as good as might be anticipated.

Tensile strength.

The tensile strength will be seen to vary with remarkable uniformity, attaining a maximum of 15.7
tons, with two per cent. of silicon. This is an unusually high value for cast iron, though it has been
exceeded  by  the  American  experimenters  with  20.5  tons,  and  very  nearly  approached  in  the
Woolwich experiments of  1858 with 15.3 tons.  I  believe that,  starting with good materials,  by
careful  mixing,  a tensile strength of 15 tons per square inch,  as measured by bars one inch in
diameter, could be regularly assured. On this subject I have entered into some detail in a recent
paper†.

* Iron Construction, p.100.
† Journal Soc. Chem. Indust. 1886



In Fig. 1. Relative density is expressed graphically, the curve being continued, on a reduced scale,
with data obtained from Watt’s Dictionary, 1st Suppl., p. 753,  where an account is given of some
silicides of iron prepared by Hahn.

In modulus of elasticity a maximum value is obtained with 1 per cent. of silicon. In the first seven
members of the series exceptionally high values are obtained, which are probably connected with
the low percentage of total carbon; but to this I shall return at a later stage.

Crushing strength.

The crushing strength also shows a very considerable uniformity, the only exception being the 2.5
per cent.  specimen,  which is  probably rather  too high,  owing to the small  amount  of graphitic
carbon. The maximum value of 92.54 tons was obtained with 1 per cent. of silicon. This value,



though greater than is usual with cast iron, has been exceeded by Sir W. Fairbairn, who in 1853
recorded a crushing strength of nearly 96 tons,

Transverse strength.

The numbers given for transverse strength are not the result of experiment but are calculated from
the observed tensile and crushing strength by a formula given by Box (“Strength of Materials,” p.
496), and which is proved to give results which accord fairly well with direct observations The
values are for a bar one foot long by one inch square. 

These numbers have been calculated for the purpose of combining together, if possible, in a
practical manner the observed crushing and transverse strengths, If they should be objected to by
engineers on the score of our imperfect knowledge of the connections between transverse strength
with tensile and crushing strength or modulus of elasticity, I have only to urge that such methods of



calculation are probably the best which we at present possess, and that for the purposes I have in
view they are doubtless quite sufficiently exact. It should be mentioned, too, that I have applied the
formula used here in a number of cases and found the calculated results to agree very fairly with
those found by experiment. The results of previous direct observations, when calculated to bars of
one foot long by one inch square, are as follows: -

My own calculated values vary from 1252 to about 3500 lbs. This latter number forcibly illustrates
what appears to be a somewhat remarkable point in these experiments, namely, the combination of a
high tensile strength with a great power of resistance to compression, Thus, while in the Woolwich
experiments tensile strength of over 15 tons was observed, and the unusually high average of 10-4
tons  obtained,  these  values  were  accompanied  by  an  exceptionally  low  crushing  strength,  the
maximum only reaching 62.5 tons, On the other hand, while Fairbairn records so high a crushing
strength as 95.9 tons, his maximum tensile strength was only 12.6 tons, and these two values were
not obtained in the same specimen, In my own experiments, however, the following values were
obtained: -

No  such  combination  of  crushing  and  tensile  strength  as  is  exhibited  in  either  of  the  above
specimens is to be found recorded by ‘any of the investigators to whom I have previously referred.
An exception to this statement must be made in the case of “Stirling’s Toughened Cast Iron,” of
which a maximum transverse strength of 3906 lbs, is recorded. This was prepared by melting soft
cast  iron with wrought iron scrap in  suitable quantity,  usually under 38 per cent.  The product,
therefore, was low in silicon and total carbon, and possessed very high tensile and crashing strength.
It should be mentioned that in my experiments the high crushing strength is not due to the shape of
the test pieces employed. These were cylinders 3 inches long and 0.75-inch diameter, and this form
would give results rather under than above the average,

It would be of interest to determine the exact characters of the iron which have produced the above
results, Although the influence of silicon on the specimens is plainly marked, the whole of the good
effect is not due to this cause alone. It appears to be due to the very superior quality of the original
iron, combined with the effect of a certain proportion of silicon. It will be seen that the amount of
manganese is but small, while the proportion of sulphur and phosphorus is very nearly constant and
is such as I shall recommend is most suitable for the production of strong cast iron when referring in
detail to the influence of these two elements on the metal. It is also probable that the proportion of
carbon which is present exerted a beneficial influence.



High crushing strength appears to be closely connected with low graphitic carbon; on the other
hand,  tensile  strength  diminishes  when  combined  carbon  is  high.  Hence  to  obtain  combined
crushing and tensile  strength  neither  graphite  nor  combined carbon should  be  present  in  large
quantity, though both are necessary. It is obvious that these conditions can be best realised when the
proportion of total carbon is not unusually high, and an excess of carbon is as much to be avoided in
this class of iron as an excess of silicon or any other ingredient,

From the brief summary of the more important results of these experiments, which has been now
given, it will be evident that by variations in the amount of silicon a cast iron may be produced
possessing any desired mechanical properties, Thus, if a high crushing strength be required, it can
be obtained by a low percentage of silicon; if a high tensile strength is wanted, the silicon should be
somewhat higher; while for softness, smoothness of surface, and fluidity a still higher proportion is
necessary. If, however, the amount be unduly increased the product is rendered quite unfit for many
applications,  In  the  production  of  chilled  castings  also  the  proportion  of  silicon  is  of  great
importance, since by the presence of a sufficient amount of this element chilling may be altogether
prevented; on the other hand, if too little silicon is present white iron results.

If the numbers given in Table A be represented graphically by means of curves, it will be seen that
the following values probably represent the proportions of silicon which should be present in
order to produce cast iron of given mechanical properties. 

These  values  are  liable,  however,  to  be  considerably  modified  by  any  large  alterations  in  the
proportions  of  other  elements,  especially  manganese  and  sulphur,  and,  to  a  smaller  extent,
phosphorus, which act in such a manner as to neutralise the effect of a certain part of the silicon
present. In practice, however, these alterations should introduce but little difficulty, as the amount of
silicon can readily be altered to suit the varied circumstances. But though irons of this class can be
considerably improved in many cases by suitable mixture, it must not be supposed that irons rich in
manganese, phosphorus, or sulphur, will produce so good a product for many purposes as in the
case of metal of better chemical quality.

In  the  discussion  which  followed the  reading  of  Mr.  Wood's  paper  at  the  last  meeting  of  this
Institute, several speakers, of very considerable practical experience, attributed the whole of the
good effects produced in the experiments mentioned to the effect of silicon on the proportion of
graphitic carbon. It should be pointed out, however, that such an argument is not founded upon
observation, but upon supposition. It does not by any means follow because a large proportion of
silicon renders the iron almost worthless for many purposes, that therefore a small proportion is
injurious,  Numerous  cases  could  be  cited  in  metallurgy  where  an  excess  of  a  constituent  is
injurious,  while a suitable amount is  beneficial  or even necessary.  As a case in point,  we have
combined carbon in cast iron; undoubtedly too much of this renders the metal unfitted for many
important  applications,  and  yet  we  have  seen  that  too  little  combined  carbon  is  not  to  be
recommended, but that it should be in proportion suited to the purpose in view.
Among  other  arguments  which  might  be  brought  forward  in  connection  with  this  point,  the
following are worthy of mention:



1. If the curve of graphitic or combined carbon be drawn in a manner similar to the curves of
hardness, tensile strength, etc., given in Figs. II. and III, it will be found that the curve so obtained
does not coincide with any of those just mentioned. In general form the combined carbon curve
agrees most nearly with the curve of hardness, but its minimum point is at least 1 per cent, higher in
silicon, In other words, if the result were due to the influence of silicon on the amount of combined
carbon alone, then the minimum of combined carbon should be obtained with about 1.4 per cent. of
silicon, or 2.5 per cent. at most, whereas in point of fact it is found with nearly 6 per cent. of silicon.

2. On examining Table A, it will be seen that with a regular and progressive increase of silicon,
the alteration in mechanical properties is equally regular and progressive; but the combined carbon
does not undergo the same regular alteration. Thus in the first four specimens we find a perfectly
regular alteration in properties, though the combined carbon is not diminished, as would be the case
if the variations were due to this cause.

3, It is unreasonable to suppose that an element such as silicon could be present, often to the
extent  of  several  per  cent,  without  exerting  a  direct  and marked effect  on  the  qualities  of  the
material.

It is therefore a legitimate inference that the effect observed on varying the proportion of silicon is
the resultant of two causes; first, the influence of this element on the iron itself; and, secondly, what
may perhaps be of equal importance, its effect on the condition of the carbon present.

Phosphorus

Phosphorus is generally regarded as an altogether objectionable constituent in cast iron. Doubtless
for many purposes this objection is well founded, but in the case of foundry iron it is at least very
doubtful whether this wholesale condemnation can be sustained, In many instances persons have
been too ready to jump to the conclusion that because phosphorus is objectionable in wrought iron
and in steel, that therefore it must of necessity also be objectionable, in any and all proportions, in
cast iron, What is badly wanted at the present moment is a series of experiments in which various
proportions of phosphorus should be added to a specimen of cast iron in which all other constituents
should be kept as nearly as possible constant; for I feel assured that it is only by such experiments
that accurate and reliable information can be obtained.

In the meantime, however, it can be readily proved that, in many cases at least, a small amount of
phosphorus in cast-iron does not  exert  any prejudicial  influence.  Thus in the report,  “Cast-Iron
Experiments, 1858,” which gives most complete and trustworthy information on the constituents of
cast iron, we have recorded analyses and mechanical tests of over fifty specimens of British cast
iron, These include a number of examples of non-phosphoric, moderately and highly phosphoric
irons; and it will be found that the six specimens which possessed the highest average quality were
all moderately phosphoric irons, the proportion varying from a minimum of 0.19 to a maximum of
0.72 per cent.* These facts show conclusively that a small proportion of phosphorus is not injurious
in cast iron.

In the paper to which I have just referred all the specimens mentioned in the report are classified
according  to  the  proportion  of  phosphorus,  and  arranged  in  order  of  silicon,  to  illustrate  the
influence of the latter element, If the various tables are examined and an average obtained from
each, we find the following result: 



The “mean order of quality” is  obtained from determinations of the density,  tensile,  transverse,
torsional, and crushing strengths, the specimens being arranged in order of quality in each of these
characters. The numbers just given show that specimens which contained under 0.2 or over 1 per
cent. of phosphorus were of low average quality, while the best result was obtained with 0.2 to 0.4
percent. It is true that in the first and last of these tables the amount of silicon varies considerably
among the different specimens, but even when this has been allowed for there appears to be a
perceptible effect due to a suitable proportion of phosphorus. From the analyses given in Table A. it
will be seen that in my experiments, where exceptionally good results were obtained, the amount of
phosphorus was about 0.3 per cent., This would appear, therefore, to be a very suitable proportion
for strong iron.

These facts will help in some measure to explain the well-known good effect produced by certain
mixtures of iron, since by this means the silicon and phosphorus are obtained in a proportion which
is more or less suited for the purpose in  view. It  also explains  why in many cases moderately
phosphoric iron is preferred for use in the foundry. In fact, irons may be classed, according to their
content of phosphorus, as most suited for -

1, The Acid Bessemer (or similar) process.
2. Foundry iron.
3. The Basic Bessemer process.

Though  in  the  cases  previously  given  it  would  appear  that  deterioration  did  not  become very
marked  until  the  proportion  of  phosphorus  exceeded  1  per  cent,  still  for  some  purposes  it  is
preferable to have a smaller maximum proportion. This is especially the case when considerable
power of resistance to impact is desired, since phosphorus renders cast iron brittle, I am informed
that  experiments  with  cast  iron  shot,  conducted  at  Shoeburyness,  have  shown  that  when  the
proportion exceeds about 0.4 per cent. The shot flies to pieces on striking the target, Hence though a
small proportion of phosphorus is beneficial, that amount will require to ‘be proportioned according
to the object which the founder has in view.

Sulphur.

We are still in need of exact information as to the influence of sulphur in cast iron, especially in
presence of varying quantities  of other elements,  especially silicon. It  has been shown that the
addition of much sulphur to cast iron causes the separation of a portion of the carbon present in a
form closely resembling graphite†, though careful examination will prove, that in many cases at
least this graphitic matter is by no means pure carbon. A small quantity of sulphur is known to
produce hard white iron, owing to an increase in the amount of combined carbon. It therefore acts,
in. small quantity, in a manner which is almost exactly opposite to that of silicon.



In connection with the influence of sulphur on cast iron the Woolwich experiments of 1858 are of
but  little  assistance,  since  the  highest  sulphur  recorded  was  only  0.13  per  cent.;  the  specimen
containing in addition 1.07 per cent. of phosphorus and being too hard to turn. It appears also that in
the majority of cases in these experiments when sulphur exceeded 0.1 per cent, increased hardness
was  observed.  Until  lately  I  attached  considerable  importance  to  the  experiments  of  Sir  W.
Fairbairn,  in 1853, with which determinations of sulphur were given in certain cases;  but quite
recently  I  have  had  occasion  to  believe  that  these  determinations  of  sulphur  are  altogether
untrustworthy.

But it has been shown by Sir Lowthian Bell, and others, that in white cast iron the amount of silicon
is usually low, while the proportion of sulphur is generally rather over 0.3 per cent. In mottled iron
sulphur is usually present to about 0.1 to 0.3 per cent, while in grey iron it seldom exceeds 0.15 per
cent. It may be mentioned that a number of experiments of my own entirely confirm the above
statements,

It  is  known that  it  is  very  unusual  to  find  any considerable  proportion  of  sulphur  in  a  highly
silicious iron. In very exceptional cases such a combination is met with, and by suitable means a
large proportion of sulphur may be introduced even into 10 per cent. silicon pig. But as a result of
some experiments, not yet completed, I am inclined to believe that practically sulphur and silicon
are, at least to a considerable extent, mutually exclusive of each other in cast iron. Thus, an addition
of sulphur to a silicious iron causes the separation of graphitic matter containing silicon, while on
the other hand the addition of silicon to an iron rich in sulphur causes the separation of graphitic
matter rich in sulphur. In the blast furnace, in presence of slag, this separated material would be
readily removed, and hence the effect of either sulphur or silicon predominates in the product as the
case may be. These statements, if substantiated by further work, as I believe they will be, would
help to explain the effect produced by variations in temperature of the blast furnace on the character
of the iron,

It has been stated by a number of authorities, among whom may be mentioned Mushet, T. Thomson,
Fairbairn, and Mallet, that in Sweden in certain works, a small quantity of pyrites is added to the
furnace charge, in order to impart greater hardness for special purposes. Recently Dr. Percy has
assured me of the correctness of this, so that it may be accepted as an indisputable fact; and the
effect is said to be in some cases very beneficial. Unfortunately, at present I have had little or no
experience  of  Swedish  iron,  and  so  cannot  say  whether  the  same  effect  might  not  have  been
produced by other means less open to objection. But of this we may be tolerably certain, that in the
vast majority of British irons such a course is by no means to be recommended. Among other
objections to this practice the following may be mentioned:

1, Sulphur acts in a manner which is almost exactly opposite to that of silicon and is very
powerful in this action. It is probable that one part of sulphur neutralises the effect of at least from
five to ten parts of silicon. Hence very small alterations of sulphur produce great changes in the
product, and the addition of sulphur to iron much resembles playing with edged tools.

2, When the amount of sulphur is at all large, it  is liable to be considerably altered during
remelting; the character of the product is therefore liable to considerable variation,

It is quite a mistake to suppose that a high sulphur is necessary in order to produce a great crushing
strength, for it will be remembered that in my own experiments a crushing strength of 92.5 tons was
obtained, though the amount of sulphur never exceeded 0.05 per cent, Still I am not prepared to
assert, on the other hand, that a small proportion of sulphur is actually injurious; indeed, that is
rather unlikely, and it may even be beneficial. But the amount of sulphur which may with advantage
be present in foundry iron is certainly very small.  Probably the following values will  be found
tolerably correct: -



These numbers will obviously be modified to some extent by the amount of silicon present.

Manganese.

A series of direct experiments to determine the effect of manganese when present in cast iron would
be of considerable interest. But in the absence of this we reason from the somewhat meagre array of
facts which have been observed. Referring once more to the Report, “Cast Iron Experiments, 1858,”
if we arrange the fifty specimens there mentioned in three classes according to the percentage of
manganese, we get the following result: 

From this it would appear that the specimens containing 0.2 to 0.75 per cent, of manganese were at
once the most numerous and the best. But it should be mentioned that in the specimens low in
manganese the silicon is often rather high, and consequently causes some deterioration. Arguing
from the known properties of spiegeleisen and the figures just given, we should not be safe in
concluding more than that a considerable amount of manganese renders cast iron unfit for many
applications, its effect in this direction becoming evident when the proportion approaches 1 per
cent. On the other hand, from 0.2 to 0.75 per cent. appears to exercise no injurious effect in the
majority of cases and may even be beneficial; while so low a proportion as 0.2 per cent., or under, i

We have now considered the most-important constituents which are commonly present in cast iron,
and the proportions of each which appear to be most suitable for the production of a cast iron of
given mechanical properties. It may be of interest to briefly examine the composition of a few
specimens  of  what  may  be  considered  exceptionally  good  cast  iron,  and  to  compare  the
observations obtained in practice, with the statements made in the earlier portions of this paper.

Referring  once  more  to  the  Woolwich  experiments,  which  furnish  what  is  probably  the  most
complete and accurate series of tests of cast  iron which we possess, we examine what may be
regarded as the exceptionally good irons mentioned in this report, It has been previously stated that
the 53 specimens examined were arranged in order of quality in specific gravity, tensile, transverse,
torsional,  and  crushing  strengths.  Now  selecting  from  these  the  three  characters  which  are
commonly regarded as most important,  we may examine the six best specimens in each series,
namely, those arranged according to tensile, transverse, and crushing strength, But it will be found
that there are four specimens which occur in each of the three sets of six selected irons; and these
four specimens may therefore be regarded as the four best specimens in the whole series, when
combined crushing, transverse, and tensile strength is taken as our standard of quality. These irons
are given in Table C, and it will be seen that they are of high density and possess in addition a high
resistance to torsion. 



Table C.
 Typical Foundry Iron

In the case of the only exception to this latter statement, No. 4, it may be mentioned that in this iron
all the specimens used in the torsion experiments proved to be defective, and this probably explains
the exceptionally low result obtained. Considering therefore the excellent characters of these irons,
and the fact that in each case the working qualities are returned as being “good,” these specimens
may be regarded as typical examples of excellent foundry iron.

If from the results of the chemical analysis we obtain an average for each constituent, we then have
what may be considered as a standard of comparison for s typical cast iron, which should possess
the maximum of the qualities above enumerated. This gives us: -

It should be pointed out that these numbers are deduced from a most elaborate and careful series of
experiments, and that for each constituent they agree very closely with the values recommended in
the earlier part of my paper, They illustrate the fact that cast irons of special chemical purity, and
also those containing large quantities of metalloids, are alike unsuited for the best class of foundry
material, while the intermediate class of iron is especially suited for this purpose, This fact explains
why mixtures of different irons, in suitable proportion, produce a far better material in so many
cases than the pig iron from which the mixtures are made. There is no virtue in the process of
mixing itself, neither is the character of the product influenced by the locality from whence the iron
has been derived. The good effect is produced by the blending of the chemical constituents present
in such a manner as to ensure the desired result. 

My paper  has already exceeded the dimensions  I  anticipated when it  was begun,  and I  cannot
therefore now give a systematic summary of the conclusions arrived at; but the following facts will
probably be considered proved:

1. That pure cast iron,  i.e., iron and carbon only, even if obtainable, would not be the most
suitable material for use in the foundry.

2. That cast iron containing excessive amounts of other constituents is equally unsuited for
foundry purposes.

3, That the ill effects of an excess of one constituent can at best be only imperfectly neutralised
by the addition of another constituent.



4, That there is a suitable proportion for each constituent present in cast iron. This proportion
depends upon the character  of the product,  which is  desired,  and upon the proportion of other
elements present.

5.  That  variations  in  the  proportion  of  silicon  afford  a  reliable  and  inexpensive  means  of
producing a cast  iron of any required mechanical character which is possible with the material
employed.

An interesting example of the effect of very small variations in the amount of sulphur in cast iron
has been brought under my notice since this paper was printed. Recently, in the “Transactions of the
American Institute of Mining Engineers,” a paper has been published by Messrs. Dudley & Pease,
entitled “Notes on the Constitution of Cast Iron.” The authors are principally concerned with two
car wheels, which were poured as nearly as possible at the same temperature, cooled at the same
rate, cast in the same kind of mould, were approximately of the same weight, and had been treated
as nearly as possible in the same manner in every respect. On examination one wheel proved to be
good, while the other was poor. The specimens were analysed, and appeared to agree very closely in
composition, the results being as follows: -

The authors direct attention to the very small  difference in the composition of the two wheels,
except  in  the  case  of  combined carbon;  and rightly,  as  I  believe,  suggest  that  “the  very  great
difference in the strength of these two wheels is in some way connected with this difference in
combined carbon.” The iron for this particular application is required to combine a considerable
tenacity with the power of receiving a moderate chill; a comparison of the figures I have previously
given, when speaking of combined carbon, will show that the poor wheel is too high in this respect.
The  authors  are  unable  to  suggest  a  cause  for  the  difference  in  combined  carbon,  and  say,
“Evidently some causes as yet unexplained determine the larger amount of carbon in the poorer
wheel.”

If,  however,  the  remarks  which  I  have  previously  made  concerning  the  powerful  influence  of
sulphur be true, and if the values I have suggested be correct, then all difficulty in this case vanishes
at once. It will be seen that the phosphorus and manganese are present in good proportion, and their
variations are not such as to materially alter the character of the product. The silicon is slightly
lower in the poor wheel, but in each case, it is in small quantity, and this fact renders the influence
of  a  slight  variation  in  sulphur  more  than  usually  apparent.  In  the  difference  of  0.07  in  the
percentage of sulphur we have, I believe, the key to the variation of 0.63 in the amount of combined
carbon.  In  the  good  wheel  the  sulphur  (0.12  per  cent.)  very  closely  approaches  the  limit
recommended for best  foundry iron,  while  in the poor wheel the sulphur  (0-19 per cont.)  very
closely approaches the amount met with in hard foundry or mottled pig. Hence, chemical analyses,
when rightly understood, afford a good guide to the physical properties of the metal,



THE MECHANISM OF ANNEALING IN THE CASE OF CERTAIN COPPER ALLOYS
 

G. D. Bengough, M.A., and O. F. Hudson, M.Sc.

(Paper presented at the first meeting of the Institute of Metals, November 12, 1908)

The present paper is an attempt to lay before this Institute a summary of the knowledge that has
been acquired up to the present time of the rationale of the annealing process, incorporating with it
an account of our own work on the subject, some of which has been already published elsewhere1.

Perhaps no branch of metallurgy has made greater relative progress during the last ten years than
that  devoted  to  the  heat-treatment  of  metals  and  alloys.  Before  the  last  decade,  however,
comparatively little  attention  appears  to  have  been paid  to  this  subject  either  by theoretical  or
practical metallurgists, and precise data for its control were lacking.

Just as iron and steel metallurgists were the first  to define clearly the conditions for successful
smelting in the blast-furnace, after an exhaustive series of studies of slag formation, blast pressures
and temperatures, and gas and metal analyses, and for the elimination of impurities from molten
metal by means of a blast of air blown through it - as in the Bessemer process - and for the use of
gaseous fuel for high temperature production and regulation - as in the open-hearth furnace - so they
were the first to study the reason, methods, and best conditions for the annealing process.

Yet, as recently as 1899, Sauveur2, in a valuable paper read before the Iron and Steel Institute,
makes the following statement: “There seems to be considerable difference of opinion with regard
to the meaning of the term ‘annealing,’ and still more concerning the proper temperature to which
the metal should be heated, and the conditions which should prevail during the operation, To the
mind  of  some  steel  workers,  annealing  conveys  the  idea  of  a  mere  heating  to  a  temperature
sometimes  considerably  below,  and  sometimes  considerably  above  W.  For  others  it  implies  a
prolonged heating at a temperature varying from a barely red to a very bright red, or even yellow
heat. Some workers cool their steel very slowly in the annealing furnace; some very rapidly in the
air; others still quenched the metal after reheating to a red dull heat. Finally, the metal is heated in
boxes or pipes, with or without packing material, or it is heated in the open furnace without any
protection. In short, it is seen that any reheating, followed or not by slow cooling - whose aim is to
soften the metal and increase its ductility - might quite properly be called annealing.

“The changes in the physical condition of the metal which we desire to bring about, by annealing
are several in number, and, of course, are dependent on the treatment to which the metal has been
previously subjected. I believe that they may be summed up as follows: -

1. Softening of the metal (decrease of its mineralogical hardness) by obliterating the increase of
hardness conferred by previous hardening or by cold working.

2. Increase of ductility by obliterating the brittleness caused by previous hardening or cold
working, and also by cooling stresses (which always occur during the cooling of large castings or
forgings from a high temperature).

3.  Obliteration  of  coarse  crystallisation  caused  by  a  previous  undisturbed  cooling  from a
temperature higher than W, and of structural distortion produced by cold working, imparting to the
metal the finest possible structure which it is capable of assuming.

In short, in annealing steel, our purpose is to render the metal as soft, tough, and ductile as possible,
and to do so by decreasing the elastic limit and tensile strength only of such, so to speak, abnormal
increments as were acquired through hardening or cold working.”



The  author  quoted  then  proceeds  to  discuss  the  thermal  treatment  necessary  to  produce  the
characteristic properties of annealed metal as set forth above. Reference to the paper and discussion
will show, however, that even at that date the best conditions for obtaining these properties were by
no means a matter of general agreement.

Le Chatelier gives the following useful definition:
(a) The elastic limit of a perfectly annealed metal should be zero.

In other words, any force, however small, should produce permanent deformation; such a
perfectly plastic metal may perhaps be likened to treacle.
(b) The perfectly brittle metal is one in which the elastic limit is identical with the maximum
stress.

In this case no permanent elongation could take place before fracture, and consequently the metal
would be perfectly elastic,

Le Chatelier  found by experiments  on wire drawing that  pure metals,  when at  their  maximum
degree of brittleness have a maximum stress approximately double that of the annealed metal.

The work of Arnold, Campion, Stead, and Roberts-Austen, to mention only a few of the English
workers, and Charpy3, Le Chatelier, and Osmond on the Continent, has elucidated to a great extent
the  conditions  of  time  and  temperature  necessary  for  annealing  steel,  but  comparatively  few
workers  have  attacked  the  matter  in  the  case  of  the  non-ferrous  metals.  Charpy3,  in  1896,
investigated, from an industrial point of view, the effect of heat-treatment on certain copper-zinc
alloys,  and his results  were important.  He was,  however,  unable to  clear  the matter  up finally,
principally because the constitution of this series of alloys had not been elucidated at that date. To
anticipate a little, it  may here be stated that in general a complete understanding and a rational
application of the annealing process as applied to alloys can only be arrived at after the chemical
constitution of the particular series dealt with has been determined*. Till then the process can only
be an empirical one based on past experience. It is true that practice founded on such a basis can be
brought  to  a  state  of  great  efficiency,  as  has  been  abundantly  proved  in  many  branches  of
metallurgy; still, it is certain that such a method is a wasteful one, and not immediately adaptable to
new conditions. It must surely give way more and more rapidly to practice founded on knowledge
of a fuller kind.

In considering the annealing process, it is first necessary to consider whether it is to be applied to
cast, worked, or chilled metals or alloys, and its effect may be very different in the several cases. It
is little used for non-ferrous cast metals or alloys, although it is of great importance in the case of
cast steel, which may be improved in ductility, and even in maximum stress by careful annealing.
This arises from the fact that at a certain temperature (about 790° C.) reheated steel undergoes a
complete  internal  rearrangement,  and if  the  time and temperature  of  annealing are kept  within
certain limits, the cellular structure characteristic of the cast material may be replaced by a different
and better one5, with the consequent improvement in mechanical properties, Recrystallisation may
also take place in the case of certain non-ferrous cast alloys, such as bronze with 85 per cent. of
copper, but in the case of most alloys of industrial importance without any attendant advantages.

* Guillet8 has shown how the malleability of any alloy may be deduced from the equilibrium diagram of its series,
thus affording a valuable guide to practical metallurgists,



It is when we come to worked metal that the process becomes of interest. The simplest case presents
itself when we are dealing with a pure metal or alloy which consists of only one micrographic
constituent. Examples of the annealing of pure metals may be found in the. Manufacture of tubes of
copper, zinc, and aluminium by cold drawing under great pressure. P. Breuil6 states that ‘the French
Metallurgical Company are engaged in manufacturing such tubes of zinc to replace lead at a saving
in cost of 25 to 45 per cent. for equal bursting strengths of the tube, He carried out interesting
experiments on the annealing of the cold-drawn tubes of all three metals. 

He found that pieces cut lengthways and tested in the tensile machine, after annealing at various
temperatures  between 100°  to  350° C.,  showed an increase  in  the  elongation  as  the  annealing
temperature was raised, and that this increase became very rapid indeed between 200° and 300° C.
in the case of copper and aluminium. In the case of zinc, the percentage elongation decreased as the
annealing  temperature  became  higher.  This  appears  to  be  a  very  interesting  case  of  a  metal
“burning” at a very low temperature. The question of burning will be again referred to later.

Yellow brass containing 70 per cent. copper and 30 per cent. zinc is another comparatively simple
case, since the alloy consists of only one micrographic constituent.

It  is  frequently  submitted  to  severe  cold  drawing,  whereby  it  is  hardened,  strengthened,  and
embrittled. Continued cold work would finally render it so hard and brittle that it would fracture,
and this would take place long before it had been reduced sufficiently for the purpose in hand – e.g.,
before a flat disc some 14 inches in diameter and 0.6 inch thick had been converted into a cartridge
case 41 inches long, 6 inches in diameter, and proportionately thin. Hence annealing alternates with
the several drawing processes, and the annealing must be carried out at very definite temperatures.
These temperatures  are  now fairly  well  known7,8,  and vary between the temperatures  600° and
650°C.

The question immediately arises: What is the cause of the hardening of the metal and alloys under
work? Several investigators have worked at the subject, notably Beilby9, Rosenhain10, and Turner
and Levy11.

Beilby considers that a definite amorphous phase and intermediate mobile modification is formed
by the  action  of  work  on metals  and alloys,  and that  this  new phase  has  perfectly  distinctive
mechanical properties - hardness, strength, and brittleness. It is formed only in thin layers on the
surfaces or gliding planes of crystals, where the latter have been forced by work to slide over one
another. This new amorphous phase - called the A phase by Beilby - may be converted back to the
ordinary crystalline or C phase by the action of heat, and this change takes place most readily at a
perfectly definite temperature.  Beilby also considers that an intermediate mobile or M phase is
temporarily formed during the transition from C to A.

Rosenhain has put the above theory to certain experimental tests and has elaborated a modification
of it. He considers that mild deformation in metals is accompanied by the formation of a thin layer
of disturbed and temporarily mobile molecules. These layers, however, do not permanently retain an
amorphous condition, but become reabsorbed in the crystalline system from which they had sprung.
When deformation has been severe there is good reason to believe that the disturbed layers become
too thick to be rearranged in the crystalline system in the short time of temporary mobility, so that
the layers of material in the altered condition persist until the application of heat restores sufficient
mobility to allow of the return of the crystalline arrangement.



The hardening effect of mild deformation, according to Rosenhain, is due to two causes: (1) The
occurrence of slip upon a certain comparatively small number of planes implies that those surfaces
are in some way favourably circumstanced to permit of slip. Now it  is  almost certain that any
disturbance of the molecular arrangement of such a slip plane or surface by the temporary formation
of a mobile layer will result in the destruction of its special conditions which favour slip*. 

* The work of Ewing and Rosenhain12 is so well known that no detailed explanation of "slip bands”
Such a surface will, therefore, after deformation have lost its tendency to easy slip. The metal will
therefore be hardened. (2) Slip planes will occur in a crystal in varying directions at varying angles
to one another; consequently, further slipping on the original surface of easy slip must come to an
end as soon as slip in other planes has occurred. Hence, on further deformation, slip is forced on
surfaces not initially favourably situated for it, so that increased force is required to bring it about.
is necessary.

In his last paper Beilby13 states that in annealing by heat no important softening of the metal or
reduction of the mechanical stability occurs until the recrystallisation temperature is reached, but at
that point a sharp drop in the stability curve takes place, which drop continues as the temperature of
annealing is raised over a range of about 50°C. Over this range there is a corresponding growth of
the crystalline grains. (See Fig. 1.)

In this connection reference should be made to a paper by A. Le Chatelier18 in which he shows that
all impurities cause a raising of the temperature, at which the annealing effect becomes perceptible,

Beilby also considers that the secular change in hardened metal is limited to a gradual relief of
strains similar in kind to the contraction strains brought about by sudden quenching. This relief of
strains  differs  in  kind  from  the  molecular  change  which  takes  place  when  the  recystallising
temperature is reached. The first state is unstable even at ordinary temperatures; the second stable
up to the lower limit of the crystallisation range. In the first state relief of strains is not accompanied
by any change in the microstructure; in the second very obvious changes occur, He believes that
hardening of metals by chilling from high temperatures is in certain cases due to the development of
contraction strains which will  produce the amorphous phase equally readily with hammering or
other work. An explanation is then put forward for the fact that ductile metals e.g., copper and gold
-  are  not  hardened  when  chilled  from  a  high  temperature.  In  the  case  of  gold,  for  example,



recrystallisation can occur over the whole range, from the solidification point down to the minimum
crystallising temperature of 220° C. It is clear, therefore, that the contraction strains which occur at
any point over this range will immediately be relieved by recrystallisation. In cooling below 220° C.
the contraction is probably too small to give rise to strains of sufficient magnitude to deform the
crystals and produce hardened material.

In this connection it is interesting to compare the independent observation made on hot-rolled and
cold-rolled  Muntz  metal  by  the  present  authors1,  who  explained  the  difference  in  mechanical
properties  as  being  due  in  one  case  and not  in  the  other  to  recrystallisation  and simultaneous
annealing.

From the above considerations it will be seen that the object of the annealing process is to convert
the A phase to the C phase, and it will be effective only provided that every part of the metallic
mass is brought to the conversion temperature and kept at or above it for a sufficient length of time
for the change to take place. Hence the time required for the process depends mainly upon the size
of the bar or ingot to be annealed, since every part of it must be brought to the required temperature,
though, when once the bar has reached that temperature throughout  its  mass,  less time will  be
required to effect the change at higher than at lower temperatures, owing to the increased rate of all
chemical action as the temperature is raised. A somewhat similar change from a crystalline material
to an amorphous one might also occur in the case of alloys, such as the brass already mentioned. 

It has been thought that the very essence of the annealing process on this theory is that it must take
place at a certain minimum temperature, beneath which it must be absolutely ineffective. Bearing
this in mind, Turner and Levy investigated the question of annealing temperatures for pure metallic
copper in the form of hard rolled rod. They found, however, that the annealing effect as measured
by dilatation was a function of the temperature - i.e., that there was no such minimum temperature
necessary for the process.

On the other hand, the work of Breuil already referred to shows that between 200° and 300° C. a
very rapid rise in ductility, with rising temperature occurs, and this seems to fit in with the views of
Beilby and Rosenhain. It  must also be pointed out that the fact that no very abrupt changes in
physical properties occur when metals such as copper are annealed does not necessarily disprove
these views. The thermally unstable A phase will begin the change to the thermally stable C phase
even with  very low annealing  temperature,  and that  this  rate  of  change will  increase  with  the
temperature and will be a function of it. There will be a maximum rate at a certain temperature, and
Breuil’s work seems to have ascertained it approximately in the case of copper and aluminium. With
regard to Turner and Levy’s experiments, the A phase being present in very small amount, would
not be at all likely to have much effect on the total elongation of the rod, but that small amount
being situated on the gliding planes  of the crystals  is  very well  situated to affect  seriously the
ductility and maximum stress.

As far as the annealing of cartridge brass is concerned, the following practical precepts seem to be
of general application

1. The annealing temperature should be between 600° and 650°C. but may be between 550° 
and 730°. Below 550° the process is too slow to be convenient in practice; above 730° there is 
serious danger of “burning” the brass.
2. The temperature within the above limits should be proportional to the amount of the work 
that has been put upon the metal; the more work the higher the temperature if rapid annealing is
required.
3. Care must be taken that every part of the metallic mass reaches the temperature chosen,  
otherwise parts of the interior of the mass will be left in a condition of strain which has not  



been relieved by the annealing process. The metal is therefore non-homogeneous and will be 
liable to crack in use – a not uncommon occurrence with certain kinds of brass.
4. In the case of cold-drawn cartridge brass, the cases, which weigh about 14 lbs., are usually l
eft in the furnace from twenty minutes to half-an-hour.
5. The metal must not be heated above 730° to 740° C. or there will be danger of burning.
6.  Speed  of  cooling  after  annealing  may  vary  within  wide  limits,  since  the  alloy  has  no  
transition point. Only severe contraction strains due to very rapid cooling have to be avoided.

With regard to the cracking of brass mentioned above, the work of C. Diegel14 should be mentioned.
He states that: (1) Only hot rolled bars of copper alloys did not suffer from age cracks. (2) That
cold-drawn bars, although they have a greater elastic limit than the rolled bars, suffered from age
cracks. (3) That the formation of cracks is the consequence of the density of the material not being
uniform throughout the cross section. (4) That the limit of elasticity decreased rapidly from the
periphery to the centre of the bars. (5) That the density varied in the inverse proportion of cross
section, the larger diameters being more liable to crack. (6) The extreme variations in density from
periphery to centre have greater influence on the liability to crack than the elasticity of the metal
and the average density of the whole cross section. (7) The formation of longitudinal or cross cracks
depended on methods used for drawing bars.

The study of “burnt brass” should prove interesting and deserves further investigation. This the
authors have now in hand but have not yet obtained sufficient data to enable them to deal fully with
the matter at this meeting, though they hope to do so on a future occasion, Briefly, the matter at
present appears to stand thus: Annealing should improve elongation and reduce maximum stress,
but  as the annealing temperature is  raised to  the “burning” limit  the elongation as  well  as the
maximum stress begins to fall off. Between the two we get over-annealed metal. This is associated
with  unduly  coarse  crystalline  structure  and  very  low  maximum  stress.  Burnt  metal,  besides
exhibiting a coarse structure, exhibits a pitted appearance. Possibly the burning limit may be the
transition temperature as given by Shepherd.

While on the subject of crystalline structure, we may mention that the microscope affords a very
ready means of controlling the annealing process and has been adopted for that purpose in several
large  works.  After  every  stage  of  the  process  samples  are  taken,  rapidly  polished,  etched,  and
examined under the microscope. From the size of the crystals, it is easy to determine whether the
alloy has been insufficiently, correctly, or over annealed.



The case of  single-phase alloys  hitherto  dealt  with is  comparatively  simple.  More  complicated
phenomena may be met with when the cooling range includes a transition or critical temperature,
that is, when at some definite temperature a change takes place in the phase relationships of the
several metals present in the alloy. Such changes may be: (1) The appearance of an entirely new
phase, such as the α phase appearing in Muntz metal at 720° C. (see Fig. 2). (2) The disappearance
of a phase hitherto present, such as the disappearance of the α phase at the same temperature when
Muntz metal is reheated. (3) An alteration in the relative proportions of two constituents already
present. Annealing followed by rapid cooling may thus affect the mechanical properties of an alloy
(especially if the physical properties of the several phases differ from one another) by bringing
about a complete structural rearrangement in the interior of the alloy.

The authors have examined in detail from this point of view the effect of annealing on Muntz metal
in which all of the above-mentioned changes may take place as the alloy is heated or cooled,

The method of investigation consisted in annealing. At different temperatures and varying lengths
of time, test specimens cut from the same bar of hard-rolled Muntz metal, and then examining the
mechanical and micrographic properties of the treated bars. ‘The influence of rate of cooling was
determined by quenching certain of the bars after annealing, and the comparative effect of annealing
cold-rolled and hard-rolled bars was considered.

The results are embodied in the accompanying curves and tables (Figs. 3, 4, and 5): - 



The  general  conclusions  reached  were  that:  (1)  The  metal  was  in  its  most  ductile  state  after
annealing at 550° to 600° C., as regards annealing for seven hours. For a shorter annealing the
temperature for greatest  ductility is proportionately higher (for the half-hour annealing at  about
750° C.). (2) With rates of cooling which occur ordinarily in works practice the proportion of the
two  constituents  are  very  nearly  independent  of  time  and  temperature  of  annealing.  This
fundamentally  important  fact  has  since  been  confirmed  by  further  tests.  Consequently,  the
mechanical  properties  will  mainly  depend  on  the  coarseness  and  type  of  structure.  The
accompanying table (Fig. 6) sums up the temperature limits for each of the four types defined by us,
with the mechanical properties that may be expected.

It should be particularly noted that any considerable departure from the normal rates of cooling will
affect the relative proportions of the two constituents,  and consequently modify the mechanical
properties.

Several facts that were met with are still under investigation. Perhaps one of the most interesting
was the fact that annealing for seven hours at 840° C. will confer on a bar of soft-rolled Muntz
metal an elongation of 72 per cent. on 2 inches, and a maximum stress of 20 tons. In fact, the
mechanical properties resemble those of an annealed 70:30 brass.  It  was not found possible  to
confer anything like such ductility  on hard-rolled bars for similar  conditions of annealing.  The
former of these bars had a maximum stress and type of microstructure closely corresponding to a
cast bar, but a very much coarser structure and a higher percentage of the ductile constituent α.



Turning now to the alloys of copper and aluminium (aluminium bronzes), this series of alloys has
received considerable attention both in this country and the U.S.A. The most recent and complete
equilibrium diagram is that published by Curry15. In conjunction with Woods, the same investigator
determined the maximum stress and elongation of the alloys of the two ends of the series. Tests
were made on the alloys as cast, and also after annealing for two days at 500° C., or for half-an-
hour at temperatures well above the transition temperature 565° C., followed by quenching at a
temperature of about 750° C. The reason for selecting these particular treatments was to ascertain
what, if any, difference in mechanical properties would be exhibited by alloys consisting of α, β and
γ (the alloys annealed at 500°C.) and those consisting of α and β (those annealed above 750° C. and
quenched). The alloys as cast were, of course, metastable products consisting of α, β, and γ, all
occurring together. Their results are given in the curves shown, and may be summed up concisely as
follows: - 



1.  Annealing  appears  to  have  little  effect  on  either  maximum  stress  or  ductility  of  cast  
aluminium bronzes containing more than 92 per cent. Cu. This would be expected from the  
equilibrium  diagram,  since  these  alloys  have  no  critical  points,  and  being  cast  have  no  
mechanical strains to be relieved. The only possible effect of annealing is therefore that due to 
changes in crystal size, and the possible obliteration of liquation effects.
2. In the case of the important alloys containing from 89 to 91 per cent, Cu, annealing above the
critical temperature 565° C. followed by quenching, gives increased strength but
very low ductility.
3. Alloys with less than 90 per cent, Cu are brittle and likely to be unreliable with any treatment
4. Air-cooling bronzes of 90 to 91 per cont. copper give an increased ductility with slightly  
reduced strength.
5. The ductility of cast bronzes decreases very rapidly at the 91 per cent. copper content and 
falls from about 53 per cent. for the 92 per cent. alloy to about 7 per cent, for the 90 per cent. 
alloy.
6. Annealing below 565°C. considerably reduces the strength of the 90 per cent. alloy.
7. Small amounts of the β phase in contact with α causes a marked decrease in ductility and a 
marked increase in strength.

An  exceedingly  full  and  important  research  on  this  series  of  alloys  has  been  carried  out  by
Carpenter and Edwards16. Their paper is too long and detailed to be given here even in abstract, but
three of their conclusions as regards heat-treatment may perhaps be usefully cited.

(1) Alloys containing 0 to 7½ per cent. of aluminium are not very sensitive to heat-treatment 
but are much improved by mechanical work.
(2) Alloys containing from 8 to 10 per cent. of aluminium are very sensitive to heat-treatment, 
but one of them, the 10 per cent. alloy is remarkably indifferent to hot rolling.
(3) For bars of the same composition, but rolled to different, sizes of section, the smaller bars 
will have lower ductility, but higher yield-point and ultimate stress.

It should here be noted that the equilibrium diagrams, such as have been described, supply only one
kind of information. It must be remembered that size of a specimen, whether in the cast or rolled
state,  will  greatly  influence  the  constitutional  and  structural,  and  consequently  the  mechanical
properties of the alloy. This follows because of the varying rates of cooling in the several parts of
the specimen.

The true bronzes or alloys consisting only of copper and tin are another series of alloys of great
industrial importance, and their mechanical properties have been studied recently by Shepherd and
Upton17,  whose results,  however,  refer  only to  cast  bronzes.  Their  plan of investigation was as
follows:

1. To chill east the alloys to get a uniform test-piece with minimum crystal size, since it is
generally supposed that the smaller the crystal size the higher the strength.
2. To test as cast, and also after prolonged heating at the various temperatures in order to get the
crystallisation  and  structure  normal  to  those  temperatures;  the  heating  being  followed  by
fixation of properties by control of cooling rate.

Three series of tests were made:
(a) Tested as cast.
(b) Heated for a week at 540° C, and chilled.
(c) Heated for a week at 400° C., and furnace cooled to get the properties of slowly cooled
bronzes.
(d) Some bars were heated to full red (about 760° C.) and quenched.



The results show that on alloys containing from 0.13 per cent, of tin heat-treatment has but little
effect. This was to be expected from the equilibrium diagram, Fig. 7, which shows that the bronzes
in  this  range  of  composition  consist  of  homogeneous  α  crystals,  i.e.,  the  α  solid  solution.
Differences in mechanical properties would be due to differences in crystal size and possible strains.
From 87 per cent. upwards marked differences in mechanical properties result from the four heat-
treatments. Alloys heated at 540° C. (curve D) consist of α and β; those heated at 400° C. were held
below the transition temperature of 500° C. and consist  of α and δ.  They are weaker than the
preceding series. The bronzes as cast are between the above two. This was to be expected, because
the cooling was slow enough to allow some β to pass to δ (cause of weakening), but not all, hence
they are stronger than series D, in which the transformation is complete.



The curves  show that  the  bronzes  consist  of  two constituents  α  and β  are  stronger  than  those
consisting of α alone or β alone. The results of Roberts-Austen, Charpy, and Thurston show that
similar phenomena also occur in the brass series of alloys, in which the strongest alloy contains 56
per cent. Cu and 44 per cent. of Zn, and consists of α and β. The authors have shown that the same
phenomenon presents itself in the case of one member of the series, namely, Muntz-metal, which
alloy can be heat-treated to give either one or two constituents. Quenched bars consisting practically
of pure β are less strong than slowly cooled bars containing α and β.





In the case of brass alloys, the greatest ductility is obtained with about 30 per cent. of Zn, and this
corresponds very closely with the maximum concentration of the crystals. For this brass, as already
pointed out,  annealing at  successively higher  temperatures will  only have the effect of causing
crystalline growth. In the case of many metals and alloys increase of crystal size seems to lower the
maximum stress, but increase the ductility, the latter effect being due possibly to the greater extent
to which slip could take place in large crystals when plastic deformation occurs*.

The  curves  showing  the  influence  of  composition  and  heat-treatment  of  the  bronzes  are  very
interesting. The greatest ductility occurs with the 88 per cent. bronze that has been heated to 540° C,
for  a  week.  The  case  is  strictly  analogous  to  the  70:30  brass,  We  have  reached  the  limiting
concentration of the α solution, and have allowed ample time for crystalline growth, and the result
is maximum ductility.

The very great influence of coarse crystallisation is further emphasised by an experiment of the
authors, in which a Muntz-metal bar heated for seven hours at 840° C. gave the rather astonishing
result of 72 per cont. elongation on 2 inches, greater than is often met with in 70:30 brass. There
may be here a possibility of replacing the latter alloy for certain purposes by the cheaper Muntz



metal, which contains 10 per cent. less copper: whether or not this is commercially practicable can
only be shown by a works test.

To sum up in a general manner the effect of the various phases on the mechanical properties of
copper alloys, remembering that the presence or absence of any phase is largely dependent on the
heat-treatment, we may say that those alloys only are ductile or susceptible of rolling or hammering
which consist of -

(1) Only the solid solution termed α, or
(2) Two solid solutions, one of which is α; this class of alloys is usually rolled hot.

If the alloys, as normally cooled, do not consist of either of these types of structure, they must be so
heat-treated as to bring them, if possible, within one of these classes.

Another useful generalisation is: (3) Beware of γ phases, even in small quantities, and of β phases
when present in large excess.

The authors hope that they have demonstrated that, even with the limited knowledge at our disposal,
equilibrium diagrams are worthy of close study by practical metallurgists and may be expected to
shorten  and  lighten  the  experimental  work  necessary  for  the  discovery  of  the  best  method  of
conferring definite mechanical properties upon any given alloy.  They should also be useful for
narrowing the search for alloys of industrial importance.

* It may here be remarked that many of the older investigations on the strength of alloys, including some of
Thurston’s numbers are valueless, since insufficient data are available as to the past history and treatment, such
as rate of cooling.
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A CONTRIBUTION TO THE STUDY OF PHOSPHOR BRONZE

O. F. Hudson, A.R.CS., M.Sc, and E. F. Law, A.R.S.M. 
(A paper from Vol. 3 of the Journal of the Institute of Metals, 1910)

Although phosphor bronzes are largely used in the various branches of engineering practice, very
little reliable information concerning them was to be found until quite recently, and very little seems
to be known of the general constitution and properties of these alloys. Mr. Arnold Philip’s paper on
phosphor bronze, read before this Institute in November 1908, contained a mass of valuable data
regarding their chemical composition and mechanical properties, and it is hoped that the results
published here will serve to supplement those of Mr. Philip. The object of the research embodied in
the present paper is to investigate the relation between the constitution of these alloys and their
composition and mechanical properties, and while the authors cannot claim as yet to have in any
way completely established the constitution of the series, it was thought that results here recorded
were of sufficient interest to warrant their publication and might serve to contribute something to
our knowledge of the subject.

Before attempting to deal with the triple alloys of copper, tin, and phosphorus, it may be well to
refer  briefly  to  the  two  binary  systems,  copper-tin  investigated  by  Heycock  and  Neville1,  and
copper-phosphorus  investigated  by  Heyn  and  Bauer2,  To  facilitate  reference  the  equilibrium
diagrams are here reproduced, Figs. 1 and 2. Dealing first with the copper-phosphorus system, it
will be noted that phosphorus combines with copper to form a definite phosphide of copper having
the formula Cu3P (14.1 per cent. phosphorus), and that this compound forms with the copper a
simple  series  of  alloys  having a  eutectic  consisting  of  copper  and  phosphide  of  copper  and  a
composition 8.2 per cent. phosphorus (M.P. 705° G.). In other words, the alloys containing less than
8.2 per cent. phosphorus consists of copper surrounded by the eutectic, while those containing more
than this amount of phosphorus consist of phosphide of copper surrounded by eutectic Plate V., Fig.
1,  which  represents  the  eutectic  in  an  alloy  containing  11  per  cent.  phosphorus  shows  the
characteristic laminated structure, but in the alloys containing low percentages of phosphorus the
constituents  of  the  eutectic  seem to  coalesce  with  the  production  of  a  much coarser  structure,
showing large, rounded masses of phosphide of copper. It is also worthy of note that copper when
solid is capable of dissolving more phosphorus than is indicated on the diagram of Heyn and Bauer.
Thus,  a  phosphor  copper  containing  0.9  per  cent.  of  phosphorus  has  an  almost  homogeneous



structure after annealing for two hours at 690° C., or four hours at 640° C. In any case, in alloys
with less than 1 per cent. phosphorus, the characteristic eutectic structure is not seen unless the alloy
has been very rapidly cooled, and under ordinary conditions of casting the phosphide of copper is
present in comparatively large masses as a separate constituent.

The copper-tin series is much more complex, but in the alloys, which are here dealt with, i.e. those
at the copper end, there are only two constituents that must be recognised, viz. the solid solution of
tin in copper (a) containing, in the ordinary cast alloys, up to 8 per cent. tin*. and in those alloys
containing more than 8 per cent. tin the constituent known as δ, which has usually been regarded as
the compound Cu4Sn. For the purpose of this paper, and to avoid complication, it will be called
Cu4Sn; it has a characteristic blue-grey colour of a much lighter shade than the phosphide of copper.

The two compounds Cu4Sn and Cu3P form a binary eutectic having a composition 72 per cent.
copper, 25 per cent. tin, and 3 per cent. phosphorus, and together with the tin-copper solid solution
α give rise to a ternary eutectic having the following composition - copper, 81 per cent.; tin, 14.2
per cent.; phosphorus, 4.8 per cent. As already stated, the alloys of copper and tin containing less
than 8 per cent. of tin consist of a single solid solution. On adding phosphorus to these alloys, the
phosphide eutectic separates out as in the copper-phosphorus series, but the eutectic never shows
the banded structure, and is more broken up and more evenly distributed throughout the mass of the
alloy than is the case in the phosphor coppers (see Plate V. Fig. 2, and Plate VI. Fig. 3). It must
again be noted that,  as in the case of the alloys consisting only of copper and phosphorus, the
copper in the phosphor bronzes is capable of dissolving an appreciable amount of phosphorus if the
alloy is cooled with extreme slowness or is annealed. The phosphorus, however, when present in
minute quantities, is seen as phosphide of copper in a cast phosphor bronze that has been cooled at
the ordinary rate.

When more than 4.5 per cent. tin is present another constituent makes its appearance in the slowly
cooled alloys, and this constituent, which is evidently Cu4Sn, forms with the Cu3P and the solid
solution a ternary eutectic. The addition of small quantities of phosphorus thus lowers the solubility
of tin in copper from 8 to 4:5 per cent. Further additions of phosphorus separate out as phosphide
but do not decrease to any great extent the solubility of the tin. Here again the rate of cooling has a
marked effect on the structure and causes the ternary eutectic to be present in alloys containing
much less than the above amount of tin. In alloys containing more than 4.5 per cent. of tin the
addition  of  phosphorus  gives  rise  to  the  formation  of  the  ternary  eutectic,  and  any  excess  of
phosphorus over and above that required to form this ternary eutectic separates out as massive
phosphide (or the binary eutectic, Cu - Cu3P, in an exceedingly coarse condition). In the case of
alloys containing higher percentages of tin more of the ternary eutectic is formed until the alloy
containing 81 per cent. copper, 14.2 per cent. tin, and’ 4.8 per cent. phosphorus is reached, which is
the pure ternary eutectic melting at 620° C. ‘The accompanying diagram, Fig. 3, illustrates the
constitution at the ordinary temperature of the very slowly cooled alloys which are dealt with here.
This constitutional diagram will be modified somewhat by rate of cooling. Thus, quick cooling such
as obtains under ordinary casting conditions causes the line xy to be displaced to the left, in fact it
usually coincides with AB. For example, a casting containing 5 per cent. tin and 0.05 per cent,
phosphorus may show a small amount of the copper phosphide.

* The amount of tin that may be found in solid solution in copper in the constituent varies with the rate of cooling; in an
alloy that has been cooled with extreme slowness, or has been thoroughly annealed, copper is able to hold as much as
13 per cent. of tin in solid solution at the ordinary temperature.3



The cooling curves of the alloys containing less than about 5 per cent, of tin, therefore, show only
two breaks, the higher being the freezing-point of the copper (or to be more exact copper containing
tin and phosphorus in solution) and the lower the freezing-point of the phosphide eutectic. On the
other hand, the alloys containing more than about 5 per cent. tin show three breaks, the highest
being the freezing-point of the copper, the second, between 700° and 625° C the freezing-point of
the phosphide eutectic, and the lowest, at 620° C., the freezing-point of the triple eutectic.

   

   

 

The two classes of cooling curves may be summarised in the freezing-point diagram, Fig. 4, for a
percentage of phosphorus of about 4.8, and some typical cooling curves of copper-tin-phosphorus
alloys are given in Fig. 5.

The microstructures of the alloys dealt with are illustrated by Plates V. to XIV., Figs. 1 to 20.



Practical Considerations.

The significance of these results is apparent when we consider the relation between the constitution
and  the  widely  varying  mechanical  properties  of  the  alloys  which  are  known  collectively  as
phosphor bronzes.  It  may be recalled  that  the commercial  phosphor bronzes  may be classified
according  to  their  mechanical  properties  into  two groups:  (1)  the  malleable  phosphor  bronzes,
which are used for various purposes in the form of plate,  sheet, rod and wire; and (2) the cast
phosphor bronzes, which are used in cases where a metal is required to resist wear and reduce
friction,  such  as  bearings,  gearwheels,  worm-gearing,  slide-valves,  &c.  The  bronzes  in  which
phosphorus is  added in small  quantities and merely plays the part  of a deoxidiser  need not  he
considered here, as they are outside the scope of the present paper. Bronzes containing lead will be
referred to later.

The malleable phosphor bronzes are those in which the quantities of both tin and phosphorus are
relatively  small;  that  is  to  say,  in  quantities  insufficient  to  form the  ternary  eutectic.  In  actual
practice the quantities present will of course depend to some extent on the degree of malleability



and ductility required, but the upper limits may be taken as 6 per cent. of tin and 0.3 per cent. of
phosphorus. In his paper on the phosphor bronzes Mr. Philip draws attention to an alloy possessing
approximately this composition (6.5 per cent. tin and 0.32 per cent. phosphorus), which was used
for  braiding  electric  cables,  and  which,  he  says,  two  or  three  makers  declared  could  not  be
manufactured.

Now from a study of the constitution of these alloys it will be seen that their malleability is due to
two causes. In the first. place, the solubility of phosphide of copper, due to the annealing which this
class of alloy necessarily undergoes, gives rise to a homogeneous product consisting of a single
solid solution. Secondly, the presence of tin plays a part in maintaining the malleability of the alloy,
which is of considerable interest from a metallurgical point of view. As has already been pointed
out,  even if  phosphorus is  present.  in  sufficient  quantity  to  form free phosphide of  copper  the
presence  of  tin  hinders  the  formation  of  the  phosphide  eutectic,  and instead  of  separating  out
between the crystals of the copper, or in large masses, the phosphide occurs in small, more or less
rounded particles, which are evenly distributed throughout the mass of the alloy. A structure of this
type gives the maximum degree of malleability possible in an alloy composed of more than one
constituent. Plates VI, VII, and VIII, Figs, 4, 5, 6, 7, representing two alloys both containing 5 per
cent, of phosphorus, one containing no tin and the other 4 per cent, of tin, will illustrate the change
in structure due to  the tin.  The influence of  tin  on the mechanical  properties  is  shown by the
following tests. Both samples were turned down from cast bars which had had no work put upon
them.

As  regards  the  cast  phosphor  bronzes  in  which  the  properties  aimed at  are  low coefficient  of
friction,  resistance  to  wear,  and  strength  rather  than  malleability,  here  again  the  composition
naturally depends within certain limits on the use to which the alloy is to be put, but the upper limits
may be taken as 12 per  cent.  of tin and 1.5 per  cent.  of phosphorus.  These alloys possess the
essential structure of a good bearing metal, viz, particles of a hard constituent (the ternary eutectic
which is often accompanied by free phosphide) embedded in a softer matrix. The ternary eutectic is
intensely hard and moreover is not easily crushed, so that the softer matrix is soon worn down,
leaving the hard eutectic standing in relief, with the result that the load is carried by these hard
particles,  thus  giving  the  maximum resistance  to  wear  with a  minimum of  surface  exposed to
friction

A few  words  may  be  added  with  regard  to  the  phosphor  bronzes  containing  lead  which  are
frequently used as bearing metals. The constitution of these alloys is exactly the same as the other
phosphor bronzes, except that the lead, which does not alloy with the copper, separates out in the
form of minute globules evenly distributed throughout the mass, In. these alloys the lead probably
plays the part of a lubricant while at the same time it increases the plasticity.

Note on the Microscopical Examination of Phosphor Bronzes.

The  microscopical  examination  of  the  phosphor  bronzes  presents  no  serious  difficulties.  The
samples are most rapidly polished by hand, the final polish being carried out with Globe polish. As
in the case of the majority of copper alloys, the best etching agent is a 10 per cent. aqueous solution
of ammonium persulphate. This reagent possesses the property of dissolving certain metals, among
them copper, without any evolution of gas and without the formation of any surface film, so that no
rubbing is necessary but merely immersion in the solution. The only precaution to be observed is



that the surface of the specimen should be free from any trace of grease, this being easily secured by
the application of a solution of potash or soda immediately before immersion in the persulphate,
Ammonium persulphate has been in constant use by one of us for the last seven years on all classes
of copper alloys and has proved more satisfactory than any other etching agent.

Owing to the similarity in colour between the copper-tin and copper-phosphorus compounds it is
exceedingly difficult to obtain a truthful photographic rendering of these alloys in monochrome.
With suitable screens it can be accomplished, but the most satisfactory results are obtained when the
photographs are taken on colour plates.

 Notes on Analytical Methods.

‘The analysis of phosphor bronze presents some little difficulty owing to the fact that on dissolving
the alloy in nitric acid the phosphorus is found with the tin in the insoluble residue, or in the case of
alloys rich in phosphorus partly in the tin oxide residue and partly in the copper solution, The tin*
may be separated from the phosphorous water, filtering off the metallic tin, destroying the cyanide
in the filtrate, which contains the phosphorus as phosphate, by boiling with hydrochloric acid and
estimating the phosphorus as phospho-molybdate. This method, although giving reliable results, is
long and somewhat tedious, and the following method, which was found to be reasonably accurate
and much quicker, was adopted in analysing most of the later alloys

The phosphor bronze (0.5 to 2 grammes depending on percentage of phosphorus) is weighed out
into a 10 oz. beaker. 20 cubic centimetres of hydrochloric acid is added, and 10 cubic centimetres of
a cold saturated solution of potassium chlorate, Boil until all the alloy is dissolved, more potassium
chlorate being added in the form of crystals if necessary, and all chlorine is driven off, ‘The solution
is then diluted with about an equal bulk of water, and pure granulated zinc added until all the copper
and tin are precipitated and no further deposit is observed on a piece of clean zinc foil placed in the
liquid. The deposited metals are then filtered off, washed, transferred to a beaker, dissolved in nitric
acid,  and the tin determined as SnO2.  The phosphorus is determined in the filtrate as phospho-
molybdate in the usual way.
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* For this and other methods of analysing phosphor bronze reference may be made to works on analysis such as
Brearley and Ibbotson’s "Analysis of Steelworks Materials.”























THE FAILURE IN PRACTICE OF NON-FERROUS METALS AND ALLOYS.
WITH PARTICULAR REFERENCE TO BRASS LOCO-TUBES.

T. Vaughan Hughes, A.R.S.M., PLLC
(A paper from Vol. 3 of the Journal of the Institute of Metals, 1910)

 

Believing that the welfare of the Institute of Metals will  in some measure be promoted should
members from time to time contribute short papers on abnormalities or “break-downs” in those
metals and alloys which come under their purview, the author ventures to bring this brief notice
before the Institute with the consent of the parties for whom the investigation was originally made,
and to whom he tenders his thanks.

Having exhausted all the usual methods of investigation into the cause of the frequent bursting of
the  brass  loco-tubes,  which  form the  subject-matter  of  this  paper,  the  engineer  and  managing
director  considered  that  further  enlightenment  was  necessary,  and the  author  was  instructed  to
endeavour  to  discover  the  cause  of  repeated  disasters  which  ended  in  serious  casualties  and
Government inquiries.

The first tube submitted to the author was received in two parts, the larger 3 feet 5 inches and the
other 2 inches overall. The pieces fitted one another along a line of fracture. The tube had been
externally scraped and wiped so that the metallic surface on the outside was exposed. A working
pressure of 160 Ibs. per square inch was carried in the boiler in which the tube was fitted.

The outside of the tube in contact with the boiler water was quite free from corrosion of any kind.
The inference is that the boiler water was free from substances capable of corroding the alloy (70/30
brass) of which the tube was composed. 

No part of the exterior of the tube exhibited evidence of having been “burnt,” i.e., overheated and
oxidised.

The inside, however, was much corroded from end to end - the greatest corrosion had taken place
near the fracture, which, in place, lay nearest the firebox.

The walls of the central and least corroded portion of the tube were 0.1 inch thick. About the area of
fracture, the least measurement gave a thickness of only 0.038 inch.

The whole of the interior of the tube was coated with a lightish green salt, practically insoluble in
water, but easily in dilute sulphuric acid. A further investigation of this salt scraped from the interior
led to the conclusion that it was mainly composed of mixed basic sulphates of copper and zinc.

After removing the green coating by dilute sulphuric acid, a dark red “scale” appeared, formed of
cuprous oxide. Examined under a high magnifying power, this layer of oxide was permeated with
the light green salt referred to.

So far it is reasonable to infer that the cause of fracture of the tube under working pressure was due
to -

(1) Corrosion proceeding from the inside towards the outside of tube.
(2) That the tube had not been “burnt,” i.e., overheated and oxidised, as cupric and zinc oxide 
were absent in the “scale” and salts.



After  sawing the  tube  longitudinally  and  opening,  it  was  observed  that  the  corrosion  was  not
continuous throughout the length of the tube, being more marked at the ends, and particularly at the
fire-box ends, and on one-half of the inside circumference.

An  exhaustive  microscopical  examination  (1-inch  lengths)  of  the  tube,  longitudinally  and
transversely, was made. The crystal grains were found to be larger at the ends than in the middle
parts.

About the area of fracture the crystal size was equivalent to that produced by maintaining a 70/30
brass of equal dimensions at a temperature of 800° C. for about ten minutes. The crystal size at the
end farthest removed from the fracture was smaller, resembling that of an equal dimensioned piece
of brass heated for ten minutes at 700°C.

The central portions of the tube were normal, both longitudinally and transversely, proving that the
tube had been annealed at about 600° C.

A peculiarity of the crystals at the seat of breakdown lay in the fact that they were uneven. ‘Those
nearest the fracture were much larger than in an area 90° to 180° from it. The boundaries of the
largest crystals were corroded and embraced intrusions of cuprous oxide.

Obviously,  then,  the tube as supplied by the makers was passable as a commercial  production.
Slight  overheating  had taken place  at  the  ends of  the  tube  -  possibly  for  expanding purposes.
Abnormal overheating, however, had occurred near the fracture, which, as explained above, abutted
the firebox.

As the temperature of the water due to the boiler-pressure used was about 360° F., it might have
been advisable to anneal the tube in process of manufacture at as low a temperature as possible.
However, the manufacturer is not to blame here, as large crystal grains would have been formed in
other portions of the tube had it been unevenly or over-annealed in the mill. The overheating had
taken place after the tube left the manufacturer.

A chemical examination of the coke used as fuel proved it to contain 0.89 per cent. of volatile and
0.37 per cent. of sulphur fixed in the ash. Such a coke would supply all the sulphur necessary for
bringing about above results.

The inquest on the tube so far has shown that by over-heating of the ends of the tube, particularly
the fire-box end, the grain structure has been so enlarged that incipient disintegration has taken
place - that is, the texture has been enlarged, and the crystal boundaries become permeated with
films of lower oxides, thus undermining the strength of the alloy.

Can the abnormal corrosion be explained? A word or two about the method of working the boiler.
Steam blast was used for producing draught. As coke was the fuel, the interior of the tubes would be
subjected  to  intermittent  streams of  hot  gases  containing  gaseous  sulphur  compounds  -  carbon
monoxide and dioxide. The proportion of the latter gases would depend on the size and volume of
the fuel in the grate.

Two alternative explanations appear applicable.

The first may be called shortly a “low temperature” theory.



Allowing the ends of the tube to  have become overheated -  the evidence shows them to have
attained a temperature much above the melting-point of zinc - it is reasonable to conclude that the
zinc on the surface layers of the interior of the tube had evaporated.

A similar result is brought about when rolls of hard brass are subjected to a prolonged annealing in a
reducing atmosphere at a temperature about the melting-point of zinc.

As  the  hot  gases  passing  through  the  tubes  consist  chiefly  of  nitrogen  -  carbon  dioxide  and
monoxide - the latter would tend at times to maintain a reducing atmosphere and cause cuprous
oxide to be formed rather than the higher oxide. The joint action of steam and sulphur dioxide,
evolved when the fires were made in the morning or at intervals during the day, using damp coke,
coming in contact with the cooled cuprous oxide covered surface, condense and react, especially if
a  little  cupric  oxide  was  also  formed.  Thus,  arise  the  sulphates  -  basic  in  character,  as  above
investigation shows. The cuprous oxide layer being meshed suggests such formation as following
evaporation of one constituent of a crystalline mass. The sulphates being once formed, repetition of
the combined actions would cause the corrosion to continue until breakdown of the tube occurred at
the fire-box end where the reactions would be most pronounced.

The second may be shortly referred to as a “high temperature” theory,

The evidence shows the tube in certain parts to have attained the temperature of about 800° C.
Interaction between the hot carbon monoxide, gaseous sulphur compounds, and the copper and zinc
of  the  tube  could  take  place.  The  tendency  would  be  to  form cuprous  oxide  in  view  of  the
metallurgical action of cupric oxide, reducing gases and sulphur compounds under the conditions
obtaining.

This cuprous oxide would appear to be the vanguard of the attack. The cooler and moist sulphurous
gases  generated  after  stoking  wet  fuel  on  to  the  grate  would  be  the  rear-guard,  and  form the
sulphates referred to above.

There was no evidence of carbonates in the green incrustation.

The  heating  and cooling  of  the  fire-grate  would  take  place  several  times  a  day  under  special
conditions of traffic.

This occurred regularly on two sections of the route in a fifteen-minutes’ service. At the top of two
gradients  of 1 in 17 to 20 the locos were brought  to a standstill  for steam-raising purposes.  It
appears to have been the habit of the stoker to charge damp coke on to the white-hot bed of fuel in
the  grate  during  these  stoppages.  Thus,  the  cooling  and formation  of  large  volumes  of  carbon
monoxide can be accounted for.

The evidence of the contemporary presence of the basic salts of copper and zinc, and particularly of
the layer of cuprous oxide in contact with the tubes, negatives the theory that the bursts of the tube
followed corrosion of the alloy by impacts of particles of coke and ash, induced by the steam-blast.

As stated above, the tube submitted for examination had been externally scraped and wiped.

On close inspection a chocolate-coloured film could be detected in places.

As the author was not satisfied with the cause of the over-heating of the tubes - and as the ends
presumably had been expanded in the cold and no reheating of any kind resorted to in the loco-shed
when fixing new tubes in the boiler - he advised further investigation; and as a result, several tubes



from the same boiler were sent for examination. They were delivered to the author neither scraped
nor wiped.

The tubes were externally covered from end to end, where in contact with the boiler water, with a
chocolate-coloured deposit, even and bright.

The average thickness of this covering was about  1/10 millimetre. In order to avoid contamination
with iron, and to reduce as much as possible admixture of the scrapings with abrasions of the tube
itself, a hard copper scraper was used.

On scraping it was noticed that the deposit was formed in a series of layers. The innermost, or that
nearest to the metal of the tubes, was almost black and very compact. In hardness the chocolate-
coloured deposit resembled that of talc. The innermost layer required considerable force to remove
it. In fact it resembled, in general characteristics, a hard varnish.

By scraping a  large number of tubes,  similar in  all  respects as to the amount  and character  of
deposit, sufficient for a fairly exhaustive analysis was obtained.

A preliminary  test  proved that  up  to  100°  C.  moisture  only  was  dissipated  from the  material.
Consequently, the bulk was heated at 100° C. until constant in weight.

A portion of this was extracted with water. The extract yielded chloride and sulphate of lime only,

The dried portion was extracted with alcohol. This rendered a soap containing iron, alumina, and
magnesia as bases.

The residue after the alcoholic extraction then extracted with dried ether. On evaporating a grease,
fluid at  ordinary temperatures,  was obtained.  At a  later  date  several pounds of this  chocolate-
coloured deposit were procured. On more extended investigation this grease proved to be a heavy,
mineral hydrocarbon. Such is used as a cylinder lubricant. The locomotives from which the tubes
were removed were broken up a year or two ago, The author has recently been informed that a
quantity of cylinder oil was found in the water-tank, having found its way there by the carelessness
of the
attendants

The doubly extracted dry residue was subjected to analysis.

In the first place it was incinerated in a stream of purified oxygen and air by the ordinary methods
of organic analysis.

Weights  of  carbon  dioxide  and  water  were  obtained:  the  former  calculated  to  carbon  in
carbonaceous matter (as there was not the slightest trace of carbon dioxide apparent on heating the
dried  substance  with  dilute  acids);  the  latter  assigned  to  combined  water  and  hydrogen  in
combination with the carbon most probably.

The residue after combustion was submitted to analysis with results given below:



A few observations on the above analysis are desirable. No salts of either copper or zinc were found
in any of the extracts.

A proportion of zine appears to have been present as basic sulphate. A proximate analysis on a very
small quantity led to the conclusion that a portion of the copper found was present in the deposit as
an oxide. The balance of the copper and zinc approached the composition of the tube (70/30 brass),
indicating that scrapings of the tube itself had become admixed with the sample of “scale.”

The brass fittings on the boiler might account for some of the copper and zinc.

The  carbonaceous  matter  (5.98  per  cent.)  is  apparently  that  derived  from  the  carbon  in  the
innermost varnish-like layer.

There were no carbonates in the “scale,” nor were there carbonates formed when the extracted
deposit was calcined in the air.

Over thirty measurements of the thickness of the “scale” were made. ‘They gave an average of 0.09
millimetre - the maximum being 0.11 and the minimum 0.07 of a millimetre.

It  was thought that a  measurement of the electrical  resistance of this  deposit  would give some
indication of its heat conductivity. Consequently, the coating on a dry tube was subjected to an
electromotive force of 250 volts.

The electrical  resistance offered by this  coating was 20 megohms.  Several  measurements  were
made before the tubes were scraped, with as nearly as possible the same result.

When the coating was damped by a drop of water where one electrode touched it, the resistance fell
to 150,000 ohms only.

The test is instructive as indicating that, even when damp and cold, the coating forms an excellent
non-conductor of electricity, and we may reasonably conclude of heat also.



Since the above investigation was completed several pounds of a chocolate-coloured, frothy mass
were obtained from stays and bracings in the same boiler, The stuff contained a total of 6 per cent.
of organic substances extracted by alcohol and rectified petrol.

The peculiar nature of the deposit on the tubes, the author believes, is sufficient to account for the
overheating referred to in this paper, and for the corrosion ending in explosion. In this instance we
have shown that the material has broken down in the hands of the user and not by any aberrations
on the part of the make:

It  is noteworthy that the boilers from which the tubes were taken, and others in which similar
accidents occurred, were fed with the untreated water supplied under the Birmingham Welsh Water
Scheme.

‘The author is informed that abnormal breakdowns in the loco-tubes did not occur when the old
supply was used for feed-water.

The opinion and criticisms of members will be very welcome.



RECENT ADVANCES IN THE METALLOGRAPHY OF STEEL.

 Walter Rosenhain, B.A. D.Sc.
(Superintendent of the Metallurgical Department of the National Physical Laboratory.)

 (Lecture delivered before the joint meeting of the Staffordshire Iron and Steel Institute, Birmingham
Metallurgical Society and the Birmingham University Metallurgical Society in the 1910 session.)

The structure and constitution of iron and its alloys with carbon are of such supreme importance to
metallurgy that no apology is needed for making them the subject of this lecture; to those who
follow the development of the young science of metallography as a science and for its own sake, a
short summary of recent work will obviously be welcome, while to those who look at the subject
from the point of view of practical application there is also much of interest and importance in this
recent work. This work has done much to consolidate our theoretical views upon the nature and
constitution  of  steel  in  all  its  conditions,  and  upon  correct  theoretical  views  our  practical
applications of the science must very largely depend. If therefore a portion of this lecture is devoted
to  a  discussion  of  what  may  appear  to  be  somewhat  academic  theories,  the  practical-minded
member of the audience must remember that these are fundamental questions, and that clearness
upon them is essential to the erection of a sound superstructure of practice. The disappointment
which is sometimes met with among those who have attempted the application of science to their
practical work is usually to be traced to an excessive impatience of so-called theory and a too hasty
desire for practical application.  It  is somewhat like trying to carry out complicated commercial
calculations  without  a  working  acquaintance  with  the  multiplication  table  to  attempt  to  apply
experimental science to practice without a sound basis of theoretical or generalised knowledge.

From  this  point  of  view  it  is  distinctly  consoling  to  find  that  the  recent  progress  of  the
metallography of steel has done little or nothing to upset the earlier fundamental notions: there are,
of course, always bye-ways and cul-de-sacs pursued by individuals and sometimes by whole groups
or “schools" of scientific workers which are only discovered to be useless after years of work—the
man of science is subject to the ordinary human weaknesses to no small degree, and liability to error
is one of the most painful and frequent of these. In our present subject, however, the broad path
pursued by the generality of workers has been found to be a true road, increasing in width and
firmness with every step, and leading to wide vistas of new and promising country. There have not
been wanting voices  which clamoured for  a  different  road—but now this  side-road has  largely
shown itself to be a mere detour and to lead, in the end, to much the same position. The newest
work in the metallography of steel has taught us much that we did not know before, but it has not
made it necessary to forget much of what we had already been taught. This in itself is the strongest
possible vindication of the value and accuracy of the older work—notably of the work of Osmond
and Roberts-Austen.

The study of the new work with which I propose to deal naturally centres around the equilibrium
diagram of the iron-carbon system, and for that purpose I will reproduce in Fig 1 a form of that
diagram which represents the views of Roozeboom modified in accordance with later work and
plotted  upon it  are  the  observations  of  Carpenter  and  Keeling;  with  the  exception  of  the  line
representing the supposed graphite - cementite reaction, this is the diagram as given in the paper of
Carpenter and Keeling in the Journal of the Iron and Steel Institute in 1904.

Of the general accuracy of the data of Carpenter and Keeling, there is not and cannot be any serious
doubt; in many respects I have been able to confirm for my own purposes a considerable number of
the points plotted in that diagram, and I have not discovered any serious discrepancies in any points
regarded as definite by Carpenter and Keeling. In regard to some of the less definite points, more
advanced methods of interpretation are now available, and slight modifications—to which Professor



Carpenter agrees – have become necessary. I am emphasising this point, not because I think the
confidence of  metallurgists  in  Carpenter  and Keeling’s  work has  been in  any way shaken,  but
because it has been suggested that the data concerning the lower arrest-points of steel as given by
these authors is unreliable on the ground that they were obtained by means of what are known as the
“differential” method of obtaining cooling-curves. I think it right to state that not only in my own
opinion, but in that of the great majority of impartial metallurgists, no valid objection has ever been
brought against the differential method. I have myself shown that the differential method, when
correctly applied and interpreted yields results identical with those of any other sound method,
while the differential method possesses decided advantages as regards delicacy and convenience.
The suggestion that the use of the differential method has led to errors in our conceptions of the
constitution of steel must be rejected as having no scientific foundation.

We now turn to consider what modifications in the diagram itself or in its interpretation have been
introduced by the recent work which I wish to bring to your notice.

We begin with the “solidus” curve of the diagram, the line which we may best describe for our
present purpose as the line which represents the final and complete solidification of the alloy. 1 am
confining my attention this evening to steel, or rather to iron-carbon alloys containing less than 2



per cent.  of carbon—for our purposes therefore the line AE is the “solidus.” In the diagram of
Carpenter and Keeling this is shown as a straight line passing through a number of points plotted to
represent  the  points  on the  cooling  curves,  where  those  authors  believed the  heat-evolution  of
solidification to have ceased. Now it is well known, and readily admitted by Professor Carpenter,
that the end of a heat-evolution is not sharply defined on any form of cooling-curve, and no great
weight can therefore be attached to those points. It was first shown by Heycock and Neville that
there is a much more accurate method of obtaining the temperature of complete solidification. This
method consists in quenching small specimens of the alloy under experiment from successively
higher  temperatures,  and  subsequently  subjecting  the  quenched  specimens  to  microscopic
examination. Any minute portion of the metal, which was liquid at the moment of quenching shows,
in the quenched specimens, a very minute structure and certain peculiarities of outline which make
it readily recognisable. A series of such quenchings carried out on a number of specimens covering
the range of alloys in  question,  serves to locate  the “solidus” with considerable accuracy.  This
method  has  been  applied  to  steel  by  Gutowsky  and  is  described  in  a  paper  which  was  first
communicated to the Metallurgy Section of the International Congress of Applied Chemistry, which
met in London in May 1909; the paper has been published in full, and is very well illustrated, in
Metallurgie,  1909.  Vol.  6,  22  and  23,  from  which  the  illustrations  here  shown  have  been
reproduced. Gutowsky quenched in all four steels, varying from 0.6 to 1.8%, in carbon-content. His
results are shown in Fig. 2, which shows that part of the diagram with which we are concerned and
gives Gutowsky’s quenching results in comparison with the Carpenter-Keeling points. Although I
think it unlikely that Gutowsky’s temperatures are correct as regards absolute values to more than
6° or 7° C., yet his results are decidedly better - for this particular curve - than those of Carpenter
and Keeling, a fact fully recognised by Professor Carpenter.



Gutowsky’s observations are illustrated in Figs. 3, 4, 5, and 6, which refer to a steel having carbon-
contents  of 1.76 and 1.63%. Fig.  3 represents  the micro-structure of the steel  with 1.7%, alter
quenching from 1,120° C.—the structure is that of severely quenched steel (chiefly austenite and
martensite), but there are no signs of fusion. Fig. 4 shows the same steel quenched from 1,167° C.,
also at a magnification of 150 diameters; here several “islands” of fused material are seen in the
field of view; a similar “fusion spot” is shown under a higher magnification (800 diameters) in Fig.
5, which relates to a steel with 1.63%, quenched from 1,154° C. Here the eutectic structure of this
portion of the steel is readily seen, and the fact that this portion was fluid at the time of quenching
becomes  evident.  Fig.  6  relates  to  a  steel  of  lower  carbon-content  (1.071%),  and  shows  it  as
quenched from 1,150° C., the structure being fine-grained martensite with no signs of fusion; the
same steel is shown in Fig 7 after quenching from 1,167° C., and here the signs of partial fusion are
very  evident.  In  his  paper  Gutowsky  traces  the  increase  of  the  “fused”  areas  up  to  higher
temperatures, so that their identification becomes quite certain.

Taking Gutowsky’s results as approximately correct,  it  is interesting to note that they place the
“solidus” for mild steels at a much lower temperature than was formerly supposed. For a 0.5%,
carbon steel this lowering is from 1,410° to 1,325° C., while for a steel containing 1 cent. of carbon
the lowering is from 1,320° to 1,185° C. These facts are of considerable practical importance, since
it is fairly well  recognised that the phenomena known as the “burning” of steel arise when the
material is heated to a temperature of incipient fusion, i.e., if the steel is heated above the line of the
solidus curve. The very rapid dip of this curve from pure iron down to 1.5% carbon steel readily
explains the greater proneness of carbon steels to “burning” as compared with nearly pure iron or
very mild steels. The “solidus” curve is a line of definite and serious danger to the steel and should
never be approached in practice – it must not be exceeded even for welding work. Therefore, this
new work, while of great theoretical value, also has an immediate practical bearing.



We now come to those recent researches on iron and steel which have aimed at clearing up the
difficulties  which  still  remained  in  the  way  of  a  clear  and  incontestable  understanding  of  the
structure and constitution of carbon steels at high temperatures, Even before the period of the new 
work, which I intend to describe, this problem had been studied to considerable extent. The most
wide-spread method adopted was that of studying the micro-structure of quenched specimens on the
basis that this approximated as closely as might be to the structure of the steel as it had existed
while it was hot, the process of quenching being intended to induce such rapid cooling that the
various changes and transformations which the steel undergoes on slow cooling had not time to
occur would thus be suppressed. Unfortunately, the results of this method of investigation gave
widely divergent results  according to the exact  method adopted by each worker – constituents,
which were recognised and named by one group of workers, could not or would not appear in the
experiments of others, and hard words were flung broadcast—much to the damage of all concerned,
mare  especially  .of  the  practical  man  whose  confidence  in  the  subject  was,  unfortunately
considerably shaken by these controversies.

One of the earliest  workers to  recognise the defect of the quenching method was Saniter,  who
studied the structure of sheet steel by etching specimens in fused calcium fluoride. Unfortunately,
this experimental method did not allow of etching at any definite temperature so that his results
were not as widely recognised as they might have been. Osmond followed with experiments in
which he exposed heated specimens of steel to deformation by the pressure of a steel point, but his
experiments were principally directed to the elucidation of the question whether iron occurs im
different’  systems  of  crystallization,  and  as  his  results:  yielded  a)  negative  (an!  therefore:
inconclusive) answer to this question, the method did! not find many disciples: Quite recently the
study of the structure: of steel at high temperature has again been taken up by several workers;
Baykoff has employed the method of etching heated specimens by a current of hydrochloric acid
gas; Mr. Humfrey and I have studied the modes of deformation of pure iron at high temperatures,
and Kroll has worked on the surface patterns produced by the volume-changes which accompany
the allotropic transformations of iron. I propose to give you a brief account of the results of these
researches.

The researches of Baykoff were directed towards the solution of the question whether “Austenite”
really exists at high temperatures in steels containing only moderate percentages of carbon. On the
theory  of  Osmond,  as  elaborated  recently  by  Le  Chatelier,  Austenite  is  a  homogeneous  solid
solution of carbon - or rather of carbide of iron in gamma iron. In the case of alloy steels, containing
a sufficient proportion of such substances as nickel or manganese, this homogeneous solid solution
retains its character down to the ordinary temperature, and we have what are known as the “gamma-
iron steels,” which possess the homogeneous structure of simple solid solution,  and a series of
remarkable peculiarities in the physical properties. It is remarkable, however, that the very great



mechanical strength of these steels is not accompanied by a degree of hardness comparable with
that of a quenched high-carbon steel. In quenched high carbon steels this
same gamma-iron solid solution or “Austenite” is met with but in pure carbon steels this constituent
is  never  met  with  alone,  but  always  accompanied  by  various  proportions  of  a  finely  acicular
constituent well known as “Martensite”. Now the question arises whether this Martensite is present
in the steel when hot, i.e., before quenching, or whether the hot steel consisted entirely of Austenite,
and this has become partially decomposed or transformed during the rapid cooling process. This
question is of special importance in regard to very mild steels in which Austenite is never met with
as a result of quenching, although Martensite is found. An investigator named Maurer had obtained
pure Austenite, i.e., unaccompanied by Martensite, by quenching a steel containing 2 per cent. of
carbon and 2 per cent.  of manganese.  The microstructure of such steel is shown in Fig. 8. For
comparison, Fig. 9 shows the micro-structure of a typical gamma-iron steel containing about 11%,
of manganese, 2%, of nickel, and 0.75% of chromium, with 0.96% of carbon. 

In the researches of Baykoff, however, the quenching method was abandoned, and specimens of
pure iron-carbon steels were used. These were polished for microscopic examination and were then
heated to the desired temperature in a current of pure, dry hydrogen gas, which maintained the
brightness of the polished surfaces. When the desired temperature had been obtained, the current of
hydrogen was replaced by a current of hydrochloric acid gas, and this was allowed to act for a short
time—the ferric  chloride resulting from the action of the acid gas being readily volatile at  the
temperatures used, was distilled off. Subsequently, the hydrochloric acid gas was washed out by a
further  current  of  hydrogen,  and  then  the  specimen  was  allowed  to  cool  in  an  atmosphere  of
hydrogen. When cold the specimen could be removed from the apparatus and examined under the
microscope.  The structures  revealed  in  this  way are  shown in  Figs.  10,  It,  12,  and 13,  which
represent the appearances of a series of specimens containing carbon percentages varying from 0.12
to 1.94, all of which have been etched at a temperature of 1,120°C.

It will be seen at once that all these steels show the same polyhedral microstructure which is typical
of a homogeneous solid solution, In many cases these photo-micrographs show very well-marked
signs of “twinning,” and this is known to be a striking characteristic of the gamma-iron steels; the
same feature will be met with again in the account of my own work on this subject.



There is a fundamental point in connection with all these researches on high-temperature structures
which it is perhaps well to clear up at this point. It might perhaps be suggested that the most direct
way of studying these high-temperature structures, and the changes which the steel undergoes on
heating and cooling, would be to place a properly polished and etched specimen of steel under a
suitable  microscope,  and  then  gradually  to  heat  the  specimen  and  simply  to  watch  the
transformations which took place in its structure. Quite apart from the experimental difficulties of
such a method which, though very great, can be and have been overcome, this suggestion is based
on a fallacy so insidious that I am not ashamed to confess that I fell into it myself in the earlier stage
of my work on microstructures—and I have been followed in that mistake by a number of quite
distinguished workers. To put it bluntly, even if we could watch the steel in the manner indicated,
we should see little or nothing of the changes taking place in it. To understand the reason for this
negative result we must consider for a moment what it is which we see under the microscope when
we are examining the “structure” of a specimen of metal. We are in such a case simply looking at a
polished surface, whose original uniform smoothness has been disturbed by the action of an etching
reagent. This etching reagent has produced a pattern on the surface of the specimen—a pattern due
either to differences of level,  to local erosion or roughening, or even to the deposition of dark
surface films.  It  is true,  and has been abundantly demonstrated,  that the pattern produced by a
suitable etching reagent is closely dependent upon the actual structure of the metal – so closely
indeed, that we are justified in general terms in speaking of this surface pattern as “the structure” of
the steel—but we must bear in mind that it is not really the structure itself, but only a surface pattern
which  we are  looking  at,  and that  this  surface  pattern  is  related  to  and closely  represents  the
structure of the metal as it exists  at the moment of etching. Once formed, however, this surface
pattern is fixed and unchanging—it cannot of itself follow any changes which may take place in the
metal  beneath.  Just  as  the  delicate  surface  detail  of  an  engraved  die  is  not  altered  by  either
hardening or annealing the steel of which the die is composed, so the minute and delicate surface
pattern produced by an etching reagent on the surface of a polished specimen remains unaltered by



transformations which may take place within the metal. If therefore, we were to watch an etched
specimen of steel under the microscope while it was heated up to and above the critical points, we
should not see the surface pattern which we were observing undergo any great change; owing to the
volume-changes associated with the allotropic transformations, it is true, certain lines and markings
would appear, but the main features of the pattern would remain unaltered, although they would no
longer correspond with the structure of the steel. This fact—which is quite obvious, when thus
considered, was first brought home to me when I endeavoured, in the course of a joint research with
Professor  Ewing,  carried  out  in  Cambridge  in  1899—to  observe  the  annealing  of  a  strained
specimen of iron. The elongated crystals shown on etching such a strained specimen appeared to
remain  unchanged  even  when  we  watched  the  specimen  up  to  a  bright  red  heat;  only  on
subsequently re-etching was the new, recrystallised structure revealed.

But this fundamental fact, that the etched pattern or “structure” shown by any specimen of metal
only corresponds to the structure which that specimen possessed at the moment of etching it. has a
positive as well as a negative value, for while it prevents us from observing changes as they occur,
it enables us to study in the cold and at leisure structures or rather surface patterns representing
structures  which  only  existed—as  in  Baykoff's  work—at  a  high  temperature.  The  same
considerations also apply to the slip-band patterns obtained by Mr. Humfrey and myself, and it is
this principle which makes it safe and right that the appearances of specimens treated by etching or
mechanical strain at a high temperature should be examined microscopically after they have been
cooled down.

Having  dealt  with  this  fundamental  point,  I  will  proceed  to  give  a  very  brief  account  of  the
investigation upon which Mr. Humfrey and I have now been engaged for some time. At the outset
of our investigations, it was our object to study the manner in which iron undergoes deformation or
strain  at  high  temperatures,  since  this  in  itself  is  a  point  of  considerable  importance  both
theoretically and practically. To make the matter clear to those who may not be conversant with the
earlier work on the deformation of metals, it will be desirable to recapitulate that work very briefly.

The fundamental experiment in this branch of our subject consists in first polishing for microscopic
examination a thin strip or other suitably shaped piece of metal; this piece of metal is subsequently
subjected to plastic deformation—it is stretched in tension,  or compressed or bent or otherwise
forced to  assume a  different  shape,  always,  however,  in  such a  way that  the  original  polished
surface is not interfered with in any way, as by handling or other operations likely to damage the
surface.  When  the  previously  polished surface  of  such  a  piece  of  metal  is  examined  after  the
mechanical deformation has been applied,  the surface is found to have become covered with a
system of fine lines which Professor Ewing and I called “slip-bands” when we first discovered them
and explained their nature. It would take too long and carry us too far from our present subject to
enter into any full discussion as to the nature of “slip-bands” and the manner in which their true
character has been demonstrated; for the present purpose it is sufficient to say that these black lines
are in reality due to very minute steps which have been developed in the originally
smooth surface by the process of straining—the crystals of the metal have adapted themselves to the
new shapes imposed upon them by a sliding over one another of the minute crystalline elements of
which each of them is composed, this sliding taking place along the cleavage or gliding planes of
the  crystals,  and  taking  place,  moreover,  without  interfering  with  the  essentially  crystalline
character of the structure of the metal.

In order to illustrate the characteristic appearances of slip-bands, as seen in various typical cases, I
will show a few lanternslides (not reproduced) illustrating the appearances presented by slip-bands
as seen in lead, copper and iron. It will be noticed at once that the slip-bands in lead are extremely
straight and regular; this regularity is typical of very soft and ductile metals, for it is a striking fact
that  the  softer  and more  ductile  a  metal  is  found to be  the  more  perfectly  does  it  exhibit  the



characters and mode of deformation of a perfectly crystalline aggregate. In the case of copper, we
also see very straight and regular bands, but they present a peculiar and characteristic appearance
which is due to what is well known as “twinning.” The twinned crystals visible in the slide have
been  definitely  produced  under  the  application  of  the  strain  by  which  the  slip-bands  were
developed. In other metals, the slip-bands merely reveal twinned crystals already present before the
experiment  began,  but  my own experiments have shown fairly  conclusively that  twinning only
occurs as the result of strain, although some metals, such as brass and cadmium are particularly
liable to undergo that kind of deformation, For our present purpose I would draw your attention to
the appearance presented by slip-bands in twinned crystals, as a similar feature will be met with
again later on. For the same purpose of comparison, I also show a slide of slip-bands as developed
in nickel-steel of the “gamma-iron” type – it  will  be seen at  once that they are as straight and
regular as those of lead or copper, and differ very widely in character from the curved and branched
appearance of the slip-bands as seen in ordinary (alpha) iron, 

The primary object, then, of the experiment which I began, with Mr. Humfrey's aid, about fifteen
months ago, was to ascertain whether iron at high temperatures underwent plastic deformation by
the same essentially crystalline mechanism as that which had been discovered in the
case of metals in the cold state, and further we wished to see whether the anomalous curved sad
branched appearance just referred to as typical of alpha iron was preserved in the slip-bands - if any
– which were formed at high temperatures. In this latter connection. however, it was obvious to
consider  whether  the  allotropic  transformation  of  iron  would  affect  its  behaviour  under  plastic
strain.

Following  the  fundamental  experiment  fr  the  production  and  observation  of  slip-bands,  it  was
evidently  necessary  in  order  to  observe  high-temperature  deformations,  to  prepare  a  polished
surface  on a  specimen of  iron  ,  and so heat  this  specimen to  the  desired  temperature  without
allowing the surface to become damaged by any influences as oxidation or other chemical action;
when the desired temperature was attained it would be necessary to apply the requisite strain, but
owing to the softness of iron at  high temperatures it  was evident that no large force would be
required.

For the purpose of maintaining the polished surface free from oxidation or chemical action we
decided  to  adopt  the  use  of  very  high  vacua;  we  found  that  with  a  vacuum of  1-200th  of  a
millimetre of mercury, the polished surface of iron remained perfectly bright even when heated to
temperatures up to 1,100oC. The heating of the specimen could readily be accomplished by using a
thin scrip and passing through it a sufficiently powerful electric current. while for the application of
the desired strain a strong spring was used, which was at first restrained by means of a wire which
could be fused electrically at any desired moment, when the force of the spring was at once applied
to the specimen. Perhaps the most serious difficulty lay in determining the temperature to which the
specimen had been heated at any given time, but this was solved to a certain extend by attaching to
the back of the specimen tiny specks of sodium chloride and potassium sulphate; the instant when
one or other of these particles melted could be observed with a low power microscope, and the
temperature thereby located to a considerable degree of accuracy.

The apparatus used for the experiments is shown in Fig.14 where A B C is a steel frame to which is
attached the lever D. Between D and C a strong spiral spring S is held in compression by the fine
steel wire F. which is wrapped around both C and D, but is kept insulated from them electrically.
The specimen E, which in the figure is seen on edge, is clamped to the fixed arm C, and to the lever
D, being electrically insulated at one end. The whole of this apparatus is inserted in a flask of thick
glass, the stem A passing through a rubber stopper, through which the various electrical leads also
pass.



The manner of using this apparatus has already been explained, but one circumstance arises which
is due to the particular form of the apparatus. The specimen E is a strip of uniform thickness, and
thus receives a uniform heating effect from the electric current which passes through it. the ends of
this strip, however, are very considerably cooled by conduction along the comparatively massive
steel bars C and D. A somewhat steep temperature gradient is thereby set up in the strip of iron - a
short  portion  at  the  centre  is  approximately  uniformly  heated,  while  towards  each  end  the
temperature falls off rapidly. This could be clearly seen by the eye when the specimen was heated,
and observations on the fragments of salts confirmed the fact. This feature very seriously limits the
usefulness of this simple type of apparatus, but at the same time enabled us to observe on a single
specimen phenomenon spread over a very wide range of temperature.

Preliminary experiments, undertaken in the first place for the purpose of ascertaining whether the
vacuum employed was sufficient to maintain the brightness of the polished iron surfaces, showed
that heating  in vacuo alone was sufficient to bring about certain very decided appearances on the
polished surfaces.  Taking  a  specimen whose  central  portion  had been  heated  approximately  to
1,100oC., and examining it in passing from one end to the centre, we find at first the unchanged
polished surface; as hotter regions are approached a system of sharply defined black lines become
visible, and these are often double, or rather two interlacing systems are found; these lines have the
appearance of the boundaries of crystals as ordinarily revealed by etching, but careful microscopic
examination shows that in this case they are due to a volume change which the iron has undergone
at some definite temperature. As we pass to those parts of the specimen that has been still hotter, a
faint shading and mottling becomes visible, having the appearance of a very slight “heat-tinting” –
no doubt this is due to chemical action of the residual gases in the vacuum upon highly heated iron.
This  faint  “heat  tinting”  reveals  a  well-defined  structure  which  is,  however,  very  different  in
character from that of the iron as it would be revealed by etching in the cold, or as it is indicated by
the fine black lines just described. In the heat-tinted structure we see the characteristic appearance
of twinned crystals – an appearance which is only rarely met with in ordinary alpha ferrite. This
twinned structure is very characteristic of the “gamma-iron” alloy steels and is no doubt due in the
case of the specimens heated in vacuo to the fact that at the time when the slight heat-tinting took
place the iron its in the gamma condition. The appearance of this faint heat-tinted “gamma-iron’’
structure, superposed on the black boundary arising from volume changes at the lower critical point,
are seen in Fig. 15.



Incidentally this figure also shows another feature of some interest in the shape of a number of
black spots.  There is  reason to believe that  these are  due to the presence of oxide in  the iron
employed for the experiment. The specimen in this case was a strip of excessively mild steel of the
kind used for the construction of electrical  transformers, and, as is  well  known this  material  is
subjected  to  very  prolonged  annealing  which  practically  removes  all  the  carbon  and  leaves  a
material whose micro-structure is a very close approach to pure ferrite. There is, however, a very
considerable probability that such material contains some oxide either in solution or in mechanical
admixture, and it was at once suspected that these black spots were due to such oxide. When such a
specimen had undergone a preliminary heating in pure dry hydrogen, these black spots remained
entirely absent, and this strongly confirms the view that they are due to oxide. It remains to be seen
whether  a  practicable  test  for  the  presence  of  oxygen  in  steel  can  be  worked  out  from  this
observation.

Having seen the effects produced upon the surface of our specimen by the action of heating  in
vacuo alone, we may proceed to examine a specimen which had been strained while its central
portion was at or near 1,100° C. Starting again from the end of the specimen which had been least
heated at the moment of straining, we find a certain region in which the original polished surface
has remained unaltered; as we pass towards regions which had been hotter we find that slip-bands
appear and rapidly increase in number and depth, and these bands have the typical appearance of
strained alpha-iron—they show the usual curved and branched appearance of such bands, and the
fact of their increasing number is simply due to the fact that as the iron grew hotter and hotter it also
grew softer and weaker, and was more and more severely stretched by the pull of the spring. But at
a certain spot in the specimen these features undergo a very striking and abrupt change—one row of
crystals is seen to be severely strained and to be deeply cross-hatched with slip-bands, while the
next row is apparently entirely unaffected by the stress—there are no slip-bands, but only the fine
dark boundary lines  already described.  Then as  we pass  still  further  towards  the  centre  of  the
specimen, slip-bands again make their appearance, but they are now of a totally different character
—they are straight and regular, and towards the centre of the specimen show well-marked evidence
of twinning—they are, in, fact, typically the slip-bands of a soft and ductile metal, and strikingly
similar to those met with in ‘‘gamma iron” alloy steels. These features are illustrated in Figs.16 and
17, which refer to the transformer sheet already mentioned, while similar phenomena on a rather
larger scale are met with in specimens of very pure electrolytic iron which Mr. Humfrey and I have
prepared and examined in this way—these are illustrated in Figs. 18 and 19.



The interpretation of these facts in the light of the allotropic theory of Osmond and Roberts-Austen
is  very  simple  and  complete.  The  sudden  transition  from a  severely  strained  to  a  practically
unstrained  form of  iron  is  found  -  by  the  evidence  of  the  fusion  of  specs  of  salt,  to  lie  at  a
temperature which allows us to identify it with some degree of certainty with the point Ar2 of pure
iron - it is, in fact, the transition of alpha into beta iron. And it follows from this explanation that the
beta iron when formed is very much harder and stronger than alpha-iron from which it was formed -
a stress which was sufficient to produce signs of severe deformation in the hot alpha iron was
evidently insufficient to produce any deformation in the beta iron, even when that substance was
heated to a considerably higher temperature – this is proved by the absence of slip bands from the
region of the specimen, which represents a considerable range of temperature. The typical “gamma-
iron” characteristics of the structure and slip bands found in the hottest portions of the specimen
generally agree with the view that here the iron has passed the Ar2 point and had reached the gamma
condition. The transition from the beta to the gamma condition, however, is not marked by any
definite line or zone on the specimens, apparently the change in hardness is much less marked than
in the case of the alpha-beta transformation.

An interesting further fact was brought out in certain of the experiments where the spring was
allowed to go far enough to actually break the specimen. In that case the fracture always occurred at
the point of transition from the alpha to the beta form – in fact, the weakest portion of the specimen
– which was of uniform section throughout was always found to lie at that point where alpha-iron
was present at the highest temperature at which it could exist at all – it appears that both beta and
gamma iron up to temperatures as high as 1,100oC. Are decidedly stronger than alpha-iron at about
750oC.

These facts may be expressed in the form of a diagram which, if not as yet based upon detailed
quantitative measurements, yet rests upon a number of definitely ascertained points. This diagram is
shown in Fig.  20,  where  the  hardness  of  tensile  strength of  iron  is  plotted  as  ordinate  against
temperature as abscissa. We have first the branch AB from the ordinary temperature to 750oC.,
where the strength and hardness fall off rapidly with rising temperature. Then the fats just described
are represented by the sudden step up to the line CD, which represents the hardness-temperature
curve of beta-iron. DE representing that of gamma-iron – there is some evidence to lead to the view
that there is a slight break in the curve at D but the facts prove that the point E, corresponding to the
temperature of 1,100oC., lies distinctly higher than point B. The exact position of C cannot yet be
given, but it is possibly much higher than shown in the diagram. If we remember that the rate of
decrease of strength with increase of temperature is more rapid at high temperatures.



The part of the diagram so far discussed are the full lines which represent in a diagrammatic manner
the facts as shown in the experiments of Humfrey and myself; but it is interesting to go a step
further and to endeavour to deduce the relative hardness of beta and gamma iron, s compared with
alpha  iron.  If  all  three  could  be  obtained  at  the  same temperature.  The  generalisation  already
referred  to,  that  in  the  absence  of  all  allotropic  changes,  hardness  or  strength  is  a  rapidly
diminishing function of temperature, may be applied to the present case, and if the existence of beta
iron could by any means be prolonged down to the ordinary temperature, we might well expect its
temperature hardness curve to follow some such line as that indicated by the dotted line CF. The
exact height of F above A cannot be foretold, but there is every reason to suppose that the parts of
the curve near C are very steep indeed, so that if beta iron could be preserved down to the ordinary
temperature its hardness would be very great, possibly comparable with the hardness of quenched
steel. As regards gamma-iron there is some evidence as to its hardness both at high and ordinary
temperatures on quite different lines from those pursued by Mr, Humfrey and myself, and these
indicate that in all probability the the curve DE makes a small angle with CD and is less steep, so
that its prolongation to the ordinary temperature may be sketched by the dotted line DG, G being a
point intermediate between A and F. Of course, it must be clearly understood that in pure or nearly



pure iron, the preservation of beta or of gamma iron down to the ordinary temperature has not yet
been  accomplished  –  in  the  absence  of  carbon  the  allotropic  transformations  occur  with  such
rapidity that they cannot be suppressed by quenching. The reason for this effect of the presence of
carbon in retarding these changes is readily understood from the consideration that while carbon is
freely soluble (probably as iron carbide) in gamma-iron, it is insoluble in the two other varieties of
iron. The transformations of the iron in the presence of carbon therefore involve a separation of the
carbon, and this ejection of one substance from the crystals of another—even on the most minute
scale—must occupy a certain space of time; by rapid quenching, the time of cooling may be made
shorter than this space of time, and the change may thus be more or less completely suppressed. In
the absence of carbon, however, there is no foreign substance to be expelled; the transformation is
merely a rearrangement of the atoms within the molecule,  not  even accompanied by any well-
defined change of crystalline system—such a simple change may take place with almost explosive
speed and may occupy a space of time which is quite small compared with the time occupied by the
operation of quenching. There is also the further difference between pure iron and carbon steels, in
that in pure iron the allotropic transformations occur at well-defined points of temperature, while in
steels they occur over a range of temperature, except perhaps in the case of eutectoid steel; this
again implies an element of time which renders the change more liable to be inhibited by rapid
cooling.

If I desired to make the present account of recent work in the metallography of steel at all complete
it would be necessary to refer at considerable length to a number of other researches which have
opened up fields of great interest and importance. Perhaps the most notable of these is the work of
Kroll, who has at a later date, but no doubt independently, followed some of the methods adopted in
my own recent work; he has, however, diverged widely in the later stages of his work, and deals
with the transformations of cementite and its solubility in gamma-iron. His work, although I cannot
accept  his  conclusions  as  proved,  clearly  shows  the  great  importance  of  crystallography  in
connection with metallography—so much so, that I have little doubt that the future of the science
lies in that direction. Cementite, or rather the carbides of iron, have formed the subject of another
series of researches, by Campbell in America; this investigator points out the probability that there
are a large number of carbides of iron, forming homologous series somewhat like the carbides of
hydrogen (hydrocarbons), and thus giving rise to the very complex hydrocarbon gases which, as we
all know, are evolved when steel is dissolved in dilute hydrochloric acid, Here also there is a field
for much future investigation

Nor must reference be omitted, in such a paper as this, to the work of Heyn and Bauer, which has
resulted in the addition to the already overburdened nomenclature of steel of the term “Osmondite:”
This research of Heyn and Bauer's has proved quite definitely that there is a distinct discontinuity in
the tempering of quenched carbon steels; their experiments, however, only demonstrate that a steel
tempered at 400° C. contains a larger proportion of that constituent which was previously known as
“Troostite” than any other steel. To give a special name to a steel in this condition is, in my view, a
mistake, and I regretted this mistake the more because my great veneration and personal regard for
Monsieur  Osmond  led  me  to  wish  that  his  name  had  been  associated  with  a  more  definite
metallographic entity. For that reason, among others, I was glad, at the Copenhagen conference last
autumn (1909), to accept the definition of “Osmondite” as proposed by Le Chatelier—a definition
which simply substituted the name ‘‘Osmondite” for what I had hitherto defined as Troostite. Most
unfortunately, M. Osmond, from motives which we are bound to respect and consider, objects to the
use of his name in this manner as superseding that of Troost, and at the same time setting aside his
nomenclature  of  a  constituent  which  he  had himself  discovered.  I  feel  bound—in  spite  of  the
Copenhagen agreement—to abide by M. Osmond’s wishes, and therefore intend to retain the term
“Troostite,” but in that case I cannot recognise that there is any “Osmondite ” at all.



Having now passed in rapid review some of the principal recent researches which bear upon our
conceptions of the constitution of carbon steel,  I  will  endeavour to summarise very briefly  the
general position with regard to steel, and with regard to the vexed question of the hardening of steel,
which is, in my opinion, derivable from the results of all this work. I propose, as far as possible, to
give my exact reason for each view expressed, but at the same time these views must be regarded as
a mere working hypothesis in so far that they may have to be changed if new facts are found to
disagree with them; I accept them at the present moment merely as being in the best available
conformity with the facts now known to me.

Basing our discussion upon the modified Roozeboom diagram, as shown in Fig. 1, I think that the
results of recent work very strongly confirm the views expressed in that diagram, but certain minor
modifications  are  necessary.  The first  of  these  is  due  to  the  work of  Gutowsky,  which  I  have
described already;  this  entails  an  alteration in  the “solidus” curve between pure iron and steel
containing 2.2 per cent. of carbon. This, although of considerable importance, does not materially
affect our general views on steel. The second modification which I would make is that of omitting
the line of arrest-points at or near 500° C. These I have shown, a few years ago, to be due to a
polymorphic change undergone by crystalline silica; in the furnaces employed both by Roberts-
Austen and by Carpenter and Keeling, a considerable quantity of crystalline silica or quartz was
present—in the latter  case in  the form of crushed quartz  used as a  heat-insulating material.  In
furnaces which are free from crystalline silica (although they may contain fused or vitreous silica),
these arrest points are never found when steel cooling-curves are taken. These points, therefore, do
not properly belong to the iron-carbon series at all and should be deleted from the diagram.

On the other hand, there is a line of points- approximately of Ar2 which, in the cooling-curves of
Carpenter and Keeling occur in nearly all the steels and irons up to a carbon content of over 4 per
cent. In the discussion of Carpenter and Keeling’s paper before the Iron and Steel Institute, in 1904,
M. Osmond explained the presence of these points on the assumption that they arose from the fact
that these cooling-curves had been taken in air, and that thereby a surface layer on each specimen
had become oxidised or rather decarbonised, a layer of nearly pure iron or at least of low-carbon
steel being thus formed on the surface of each specimen; this low-carbon steel would then exhibit
the true Ar2 point, and this would, by heat-conduction, affect the thermo-couple at the centre of the
specimen. This very ingenious explanation appears to have met with almost universal acceptance,
but even at  the time I felt  some hesitation in accepting it,  on the ground that the decarburised
surface layer in such specimens is very thin, and that it would be difficult for the thermal reactions
of this thin layer to affect the thermo-couple at the centre, more particularly as Ar2 is always one of
the less vigorous arrests. Quite recently 1 have had occasion to take some cooling-curves of hyper-
eutectoid  steels  in  a  high  vacuum,  where  therefore  surface  oxidation  and  decarburisation  was
entirely checked, and yet these anomalous arrest-points made their appearance—not with the same
regularity as the other well-known points, but yet with sufficient definiteness to dispose entirely of
M.  Osmond’s  explanation.  I  am  therefore  inclined  to  insert  in  the  diagram  a  dotted  line  in
continuation of the line of Ar2. The reason for drawing this as a dotted and not as a full line is that I
regard the change which sometimes takes place at this temperature as being the result of some meta-
stable conditions—conditions considerably less stable than those of the ferrite-cementite system as
a whole. Now what explanation is to be suggested for this line of points? Only two phases are
present in the steel to which they refer, viz., ferrite and cementite, and the change must therefore be
a change in one or other of these or else an interaction between the two. The fact that these changes
occur at the temperature of Ar2 at once suggests that they are due to the same cause, and that we are
therefore dealing with the formation of beta iron. It is quite true that, as Mr. Edwards has recently
pointed out, beta iron cannot exist, according to the phase-rule in steel containing more than 0.45%,
of carbon, but the phase-rule merely defines the conditions of stable equilibrium, and phases are
frequently found to exist—-even for prolonged periods, and with great persistence, in circumstances
where the phase-rule would entirely debar their occurrence; we know that in the iron-carbon system



the formation of meta-stable systems and of intermediate transition forms is particularly frequent. It
is  not,  therefore,  unreasonable to  explain  the points  now under  discussion as  being  due to  the
transitory and metastable formation of small quantities of beta-iron in these iron-carbon alloys. That
there  is  some  decided  physical  difference  between  steels  quenched  above  and  below  this
temperature has recently been shown by Mr. Brayshaw, who pointed out marked differences in
high-carbon tool steels when quenched above or below a certain temperature which—apart from
slight discrepancies arising from widely different rates of cooling, etc.—may probably be identified
with this line of arrests. At all events, it is clear that there is here a point requiring further and closer
investigation.  This  line  of  arrests  cannot,  at  all  events,  be  deleted  from  the  diagram  on  the
explanation suggested by Osmond, even if the explanation which I have tentatively put forward
above is found to be ultimately untenable.

Turning next to the work of Baykoff, we have the definite evidence that at high temperatures, viz.,
1,120° C., the iron-carbon alloys exist in the form of homogeneous solid solutions possessing the
typical polyhedral structure of such bodies. This solid solution, when preserved undecomposed by
the action of violent quenching on steels containing a sufficient amount of carbon, is what is meant
by the term “Austenite.” It is not perhaps logically correct to simply call the solid solution itself, as
it exists at high temperatures by the same name “Austenite,” which we give to the constituent of the
quenched steel—but if we bear in mind the fact that the Austenite which can be seen in micro-
sections is merely the structural representative of the other, then the use of the common term need
involve no error.

The  question  next  arises  whether  it  follows  that  because  the  experiments  of  Baykoff  show  a
homogeneous solid solution at a temperature of 1,120° C., we may conclude that this solid solution
remains homogeneous until some line of arrest-points is passed? There can be no doubt that a direct
experimental answer to this question is to be desired, but I think there is little or no risk of error in
making the deduction just indicated. We have, in the first place, the phase-rule, and other analogous
considerations which make it  clear that where a single homogeneous phase breaks up into two
phases, we may expect to find a definite line on the equilibrium diagram. This view is further
Strengthened by the experience of all investigators who have studied systems of alloys. It is true
that sometimes lines of arrest-points are found for which it has not been possible to assign any
definite structural change in the alloys, but so far as I am aware no case is known of a solid solution
which undergoes  decomposition without  showing a series  of  thermal  phenomena which can be
translated into a line on the diagram. Above the temperature of Ar2, as indicated by the dotted line
on my diagram, we have therefore good ground for believing that the iron-carbon in the form of a
homogeneous solid  solution—that  is  to  say,  within the  field  ABFG we have pure Austenite  or
gamma-iron containing carbon or iron carbide in solid solution.

Ideally, the result of quenching a steel from any point within this region should be to preserve this
homogeneous  solid  solution  unchanged.  If  the  quenching  is  very  vigorous  i.e.,  if  the  initial
temperature is high, the quenching liquid cold and of high quenching power, and the specimen is
small, and if - for reasons which have already been indicated—the carbon-content is high, then a
considerable proportion of the solid solution remains undecomposed, and we have a steel with a
micro-structure which contains a considerable amount of Austenite. Even in these circumstances,
however, there are other micro-constituents always present, and these represent the decomposition
products of the solid solution—but not necessarily, or even probably the same products as those
which would result from this decomposition if the steel were slowly cooled. The structures met with
are those known to metallurgists by the names of Martensite and Troostite, and I regard these as
representing  two  very  distinct  stages  in  the  decomposition  of  the  gamma-iron  solid  solution.
Martensite is known to be decidedly harder than Austenite, and this I am inclined to attribute to the
presence in Martensite of a considerable proportion of the individually hard beta iron. If we take it,
as I think we are justified in doing, that the three allotropic forms of iron differ from one another



merely  in  the  number  of  iron  atoms grouped  together  in  their  respective  molecules,  then  it  is
reasonable to suppose that the allotropic forms which occur, in pure or nearly pure iron, closest
together on the temperature scale, are also most similar to one another. We have the analogous case
of the allotropic modifications of sulphur to guide us, and in that case, what may be termed the
“adjacent” phases lie nearest to one another as regards the complexity of the molecule. If this is the
case it is very probable that when the high-temperature form (gamma iron) passes into the low-
temperature form, the molecules may pass through the intermediate or beta form in the process of
transformation, and if this process is arrested by quenching. some of the molecules may be caught
in the transition condition. It is to some such cause that I am inclined to attribute the presence of
meta-stable beta iron as a transition product in Martensite, even in high carbon steels. The presence
of  this  beta  iron makes itself  felt  as  regards  the resulting hardness  both by its  own individual
hardness and by the large internal stresses which its presence produces. These stresses arise from
the fact that beta iron has a very different specific volume from either gamma or alpha iron.

As regards Troostite, it appears to be at all events true, that this is a further decomposition product
which lies between Martensite and Pearlite. Whether one accepts Benedick’s theory of a colloidal
solution or whether one thinks of the carbon as being present in the Troostite in some other form,
that form must be regarded as being intermediate between the state of solid solution which is found
in Austenite and the state of physical separation in Pearlite. A convenient distinction between
Troostite and Sorbite may be found in this that the transition products which can and do coexist
with Martensite are to be regarded as Troostite, while those which coexist with Pearlite are Sorbite.
In tempered steels this line of demarcation appears to coincide with the temperature of 400oC.,
which gives the maximum of Troostite coincident with the total disappearance of Martensite.

Summing up all these considerations, the causes of hardness in quenched steels may be stated thus:
(1) The inherent hardness of carburised gamma iron, present in the quenched steels in the form
of Austenite and partly also in Martensite.
(2) The hardness  of  a  solid  solution existing as  such under  constraint,  i.e.,  by the forcible
suppression of a decomposition reaction.
(3) The hardness due to severe internal stresses caused by rapid cooling and by volume changes
due to the allotropic transformations of the iron.
(4) The individual hardness of beta iron.

With regard to the relative importance of these four causes it is difficult to say anything definite. Of
the  hardness  of  highly  carburised  gamma-iron  (Cause  1)  there  can  be  no  doubt,  although  the
comparative softness of the ‘‘Austenite” of nickel-steels has been quoted against this view—but the
practical absence of carbon from this alloy-steel Austenite may well account for the difference. The
hardness due to the forcible retention of a state of solid solution may be met with in many other
series of alloys besides steel, and the same remark applies also to the third cause, viz., volume-
changes due to rapid cooling and allotropic transformations. While in such alloys as those of copper
and  aluminium these  two,  (2  and  3),  no  doubt  produce  a  decided  hardening,  there  is  no  real
comparison between their effects in that case and the hardening of high-carbon steels, so that these
two causes alone must be regarded as insufficient by themselves to account for the phenomena.
Finally,  we  have  the  proved  hardness  of  beta  iron  and  the  many  reasons  which  lead  to  the
supposition that it must be present in hardened steels. It would seem, therefore, that to the presence
of carburised gamma iron and of beta iron the great hardness of quenched steels must be mainly
ascribed.

In what I have just said I have presented a theory of the constitution and hardening of steel which
appears to me at the present to be best fitted to the facts, and I regard it as a working hypothesis
around which further facts may be grouped and classified until such time as the classification begins
to become more difficult, and then a better and more accurate theory will be arrived at; although I



have put forward the theory – which is not, of course, original with me – in somewhat definite
terms, I do not wish to be regarded as putting it forward dogmatically – I readily recognise the
existence of other theories for which much may be said, but I do not think they fit the known facts
so well as the one which  I have put forward. The practical steel worker, who continues to handle
steel  successfully  in  spite  of the conflicting opinions upon points  of  theory such as  these may
perhaps  be  inclined  to  smile  at  the  importance  which  scientific  metallurgists  attach  to  such
theoretical explanations of his everyday facts, but he will be short sighted if he gives way to that
inclination. The formulation of a substantially correct theory of the hardening of carbon steels is
really of the greatest practical importance; in this matter, as in many others, practical methods of
trial and error have led the industries concerned a very long way on the road of practical success,
but the increasing complexity of modern demands upon all materials and implements continually
makes it more and more difficult for unaided practical methods to cope with the varied demands
and requirements, and a surer guide and a deeper insight are urgently required. Those industries
where a correct scientific theory has been developed as the result of a large amount of “theoretical”
research, have found themselves on the high-road to fresh successes and conquests —they have
gone forward with a surer and more rapid stride, Even in the case of steel much has already been
done as the result of the enormous scientific investigation which has been devoted to the subject,
but  the  most  important  of  these researches  are  not  always those which lead to  direct  practical
applications— often a purely “theoretical” piece ultimately leads to much greater practical results
than the so-called “practical” researches. So, I would ask the practical man to have patience with
these theoretical discussions, and even with the controversies which sometimes arise—these battles
are being fought for the attainment of correct knowledge and of deeper insight into the nature of the
things with which the practical man has to work, and every step forward in such knowledge and
insight is a great and vital gain- in the end – for the practical man himself.
  

 

 
 
 

 
    

       

 



SOME ALLOYS OF ALUMINIUM.

Fred. C. A. Lantsberry, M.Sc.
B.S.A. Research

(A paper read before a joint meeting of the British Foundrymen’s Association (Birmingham Branch)
and the Birmingham Metallurgical Society, on March 25th, 1911.)

Aluminium is one of the most abundant of the elements, but it was not until the advent of the
electric furnace that it  became possible to prepare it in anything like large quantities. It is now
manufactured by the reduction of bauxite (natural alumina) in the electric furnace.

Aluminium is a silvery-white metal, which melts at 657 degs. C., and is a good conductor of heat
and  electricity,  its  conductivity  being  about  60  per  cent.  of  that  of  pure  electrolytic  copper.
Undoubtedly its most interesting property is its extreme lightness, its specific gravity ranging from
2.6 to 2.7 according to its physical condition. Its mechanical strength is, however, very low, but it
holds a very high place in the ductility of metals.

In the form of sand castings its tensile strength is only about 5 tons per square inch, in the form of
rolled sheets about 9 tons per square inch, while by hard drawing into wire its strength can be raised
to 15 tons, In the latter condition it has a yield point of 13 tons per square inch and an elongation of
about 25 per cent. It can, however, be rolled into very thin sheets and drawn into very fine wire.

The low density and other useful properties of aluminium have induced many experimenters to
attempt to improve the mechanical properties of aluminium, with more or less success, as will be
seen in the sequel. The advent of the motor car and cycle and, still later, the aeroplane, have given a
fillip to the aluminium industry, while the shipbuilding industries and the manufacture of cooking
utensils open up other fields in which light alloys of strength and stiffness would be extremely
useful. Indeed, there are people who consider it not unlikely that there will be an “Aluminium Age”
in the world’s history.

Although the aluminium-rich alloys are probably of more interest than the heavy alloys containing
aluminium, these find considerable applications in the arts, and will be described first.

Copper-Aluminium Alloys.

The high ultimate strengths of these alloys was known to Dr. Percy, who is credited with their
discovery. In the very early days of the aluminium industry the Cowles’ Company placed high-
tension aluminium bronzes on the market, and these found various uses in the arts. During recent
years this  system of alloys has been subjected to considerable study by Dr.  Guillet1 in  France,
Messrs. Carpenter and Edwards2 in England, and Mr. Curry3 in America. Carpenter and Edwards’
research is the most complete, and their results will now be briefly described.

The result  of  adding aluminium to  copper  is  to  cause  an  immediate  increase,  not  only  in  the
strength,  but  also  in  the  ductility  of  the  copper.  The  ductility  attains  a  maximum  at  7.35%
aluminium;  beyond  this  the  tenacity  increases  and  the  ductility  falls,  but  above  11  percent
aluminium the ductility becomes so small that the alloys cease to be of any commercial value.
Alloys were prepared and tested in the form of sand and chill castings, and the results of tests on
typical alloys are shown in Table I. and exhibits the similarity of properties.



Experiments  on  heat  treating  the  alloys  show  that  up  to  7.35  per  cent.  aluminium,  they  are
indifferent to annealing or quenching from 800 degs. C. Above 7.35 per cent. aluminium, the alloys
are stiffened by heat treatment at 800 degs. C. This is shown by reference to Table 2, which gives
the result of tests made on chill castings.

During the discussion of the results,  objection was made to the representative character  of the
results on the grounds of the small dimensions of the castings, and in the later research4, on the
suitability  of  these  alloys  for  castings  to  withstand  internal  pressure,  Messrs,  Carpenter  and
Edwards have taken mechanical tests of cylindrical castings 9 inches long by three inches diameter,
The results obtained were quite good, though somewhat lower than the original ones, a 10 per cent,
alloy having a tensile strength of 26.23 tons per square inch with an elongation of 13 per cent,



The effect of mechanical work on the alloys, hot rolling from 4 inches to 13/16-inch diameter, is to
increase the tenacities and ductilities of the alloys, especially those containing more than 7.5 per
cent aluminium. This is shown in Table 3.

Alloys containing below 7.5 per cent, aluminium are not amenable to cold working, but the higher
alloys draw well and show a vast improvement in their mechanical properties, The 09.90 per cent.
alloy drawn from 15/16 inch to 13/16 inch diameter, shows a yield point of 40.4 tons, an ultimate stress
of 43.94 tons, with an elongation of 13 per cent, Doubt was expressed at the time, based on the
experience of some German workers on alloys of copper-aluminium containing some iron which
fell to pieces after some months standing, as to whether these hard-drawn alloys would be stable,
but tests made by the author in conjunction with Dr. Rosenhain indicated that these alloys showed
no deterioration in properties or “ageing,” even after standing several years.

In the description of the above tests, it  will  have been noticed that the alloys appear to divide
themselves into two groups, (1) containing below 7.35 per cent. aluminium and (2) containing 7.35
to 11 per cent aluminium.

This is explained by reference to the microstructure shown in Figs. 1 and 2, Up to 7,35 per cent,
aluminium the alloys consist of a single phase, the α solid solution, which is soft and ductile, Above
7.35 per cent, aluminium a second dark etching phase makes its appearance, This is the β solid
solution which is hard and brittle.

It is this phase which contributes to the hardness of the alloys, so much so, in fact, that an alloy
containing 15 percent of aluminium, and hence a large proportion of the β constituent has a Brinell
hardness number of 539, a figure quite comparable with that of a hardened tool steel.



In torsion the properties of the alloys are very interesting, the 7.35 per cent alloy possessing the
maximum torsional strength of 31.51 tons per square inch with a total twist of 1,374 degrees. The
appearance of the β constituent causes an immediate reduction in the total twist, with the 9.9 per
cent  alloy showing a torsional  strength of 31.3 tons per  square inch,  with a  total  twist  of  234
degrees. Under alternating stress, the alloys showed almost marvellous results. Professor Arnold
reported  that  the  7.35 per  cent  aluminium alloy  showed a  record  resistance.  Dr.  Stanton’s  test
confirmed this result.

A remarkable similarity in properties exists between the 9.9 per cent, alloy and a mild Swedish steel
containing  about  0.35  per  cent.  Carbon,  not  only  in  mechanical  properties,  but  also  in
microstructure.  Both  materials  show  a  duplex  structure  under  the  microscope  which  becomes
acicular  when  quenched  from  high  temperatures.  The  similarity  to  a  quenched  carbon  steel
structure1  is  observed in  Fig.  3  which  represents  an  alloy  quenched from about  1,000 C.  The
resemblance  to  the  martensitic  structure  of  quenched  steel  is  remarkable.  Table  4  exhibits  the
similarity of properties.



    
The aluminium bronzes show a remarkable superiority, however, in their resistance to corrosion
over mild steel and such alloys as Muntz metal and Naval brass. This has been shown conclusively
by experiments both in the laboratory and the open sea, ranging over a period of several years. In
the sea, an alloy containing 10 per cent. aluminium decreased at the rate of 0.0008 lbs. per square
foot per 30 days, while Muntz metal showed a loss of 0.0023 lbs. under the same conditions. In this
connection it is interesting to note that while Muntz metal corrodes at practically a constant rate, the
aluminium bronzes show a considerable falling off in the rate of corrosion after a few months’ time.

In a recent research Messrs. Carpenter and Edwards have shown that if sound castings of these
alloys are obtained, they are eminently suitable for the production of castings to withstand hydraulic
and steam pressures. The alloys do not appear to deteriorate with time, as is the case with other
alloys used for this purpose.
One of the chief difficulties encountered in dealing with these alloys lies in the formation of a dross
or skin of alumina which appears to be almost elastic  and defies  all  efforts  to remove it.  This
alumina is produced partly by the reduction of copper oxide, and partly by atmospheric oxidation. It
was considered, therefore. that this difficulty could at all events be partly removed by reducing the
copper oxide before adding the aluminium, and accordingly in conjunction with Dr. Rosenhain5 the
author took up the further study of the alloys on these lines. On account of the direct improvements
effected by the introduction of manganese in ordinary bronzes and brasses. this element was chosen
for the earlier experiments, and though improvements were effected, they were not so great as were
expected.

As a hardening agent,  manganese possesses the same effect as aluminium, but not to the same
degree. Three per cent. of manganese can be added to the 10 per cent. aluminium bronze, and 5 per
cent.  to  the  9  per  cent.  bronze  without  seriously  embrittling  the  alloys.  The  low  aluminium-
manganese alloys are very disappointing, and only those containing over 8 per cent. aluminium can
be regarded as possessing technically useful properties.

Alloys containing much above 5 per cent manganese were found to flow sluggishly and to be very
likely  to  give  unsound  castings  and  the  mechanical  properties  were  very  much  improved  by
mechanical work such as rolling and drawing. The mechanical properties and compositions of a few
of the most promising alloys examined are shown in Table 5.



Comparison of this table with Tables 1 and 3 shows that the addition of manganese results in a
considerable improvement of the alloys in all forms. By cold drawing, the alloy containing 10 per
cent Al, and 2 per cent Mn can be hardened up to a yield point of 41 tons, an ultimate tensile stress
of 52.1 tons with an elongation of 10 percent. In this condition it is quite hard enough to cut stone.
This alloy should be eminently suitable for bronze gear wheels and for making cutting tools for
explosives.  In  addition,  the  alloys  were  capable  of  taking  a  very  high  finish,  and,  under  Dr.
Stanton’s  test,  showed  remarkable  resistance  to  abrasion.  This  should,  therefore,  find  some
application as bearing metals, and would, undoubtedly, prove less expensive than phosphor bronze.
The effect of the addition of manganese is also shown in the shock-resistance of the alloys. The
Izod test shows that while the 10 per cent aluminium alloy absorbs 4.5ft. lbs. on fracture, the ternary
alloys absorb 10ft. lbs.

Unfortunately, however, these alloys possess a very low modulus of elasticity, which tells against
them in their use in the construction of machinery, more especially in the rapidly moving parts. The
modulus of elasticity ranges about 14 x 106lbs per square inch, which is only about half the figure
given by steel. Herein lies the explanation of the remarkable behaviours of the aluminium bronzes
under dynamic stresses.

In the preparation of the alloys, it was found that Thermite-manganese and ferro-manganese could
be used directly, but considerable advantages are derived from starting from a cupro-manganese
alloy. This is done by melting copper under a borax slag saturated with oxide of manganese and
afterwards adding the requisite quantity of manganese or ferro-manganese. The alloy is cast into
small ingots, and for fine weighing and making up, part of the alloy is granulated by pouring into
water. I n this way considerable refinement is effected, e.g., starting from an 80 per cent. ferro-
manganese, the resulting alloy had the composition:



Alloys prepared from this cupro ferro-manganese contain about 0.31 per cent. iron, which is nor
present in the alloys of Thermite origin. The result appears to be a slight all-round improvement in
the alloys. Little need be said about the preparation of the actual alloys except that it is necessary to
add the whole of the cupro-manganese before adding the aluminium, and that the casting is best
made in surface-dried green-sand moulds at as low a temperature as possible. As in the case of the |
aluminium alloys,  the use of very large gates is  necessary in order  to ensure soundness of the
castings. 

Aluminium is almost an essential constituent of manganese bronzes, in which its function is that of
a deoxidiser. An analysis of Parson's manganese bronze made some years ago by the author showed
- Copper, 56.72 per cent.; lead, trace: aluminium, 1.78 per cent.; iron, 2.20 per cent.; manganese,
0.52 per cent.; zinc, 37.68 percent.

Aluminium Brasses.

Aluminium is often used as a partial substitute for zinc in brasses, it having the effect of increasing
the hardness and tenacity and reducing the ductility of brass. For most of our knowledge on the
copper-zine aluminium alloys we are indebted to Dr. Guiller1, who says that 1 part of aluminium
can act  as  a  substitute  for  3½ parts  of  zinc.  Alloys containing over  4 per  cent.  aluminium are
difficult cast found and work, but below this percentage the alloys give excellent castings suitable
for pumps, valves, pinions, and propellers. Further, the alloys forge and draw well. The effect of
aluminium on sand castings of the 70: 30 and 60; 40 brasses is shown by reference to Table 6.

The effect of aluminium on the forging brasses, i.e., those containing 40 percent zinc, is shown in
Table 7.



These alloys have been rolled, drawn, and annealed, and the tests bring out very clearly the
improvements effected by the addition of 2 to 3 per cent, aluminium to the brasses,

Light Alloys of Aluminium.

The  aluminium-rich  alloys  are  coming  into  great  prominence  for  aeroplane  work,  for  which
purposes It will be usual to employ wires and other cold-drawn material for such purposes as stays.
It is to be hoped, therefore, that care will be taken to show that the alloys used do not deteriorate by
“ageing,” for cases are on record of severely strained material falling to pieces in the course of tine.

It has already been pointed out that aluminium itself is mechanically weak, but practically the whole
of the elements in the periodic table have been added to aluminium with the object of increasing its
strength, In his book, “Introduction to the Study of Metallurgy,” Sir Wm. Roberts-Austen says that
the addition of 2 per cent. titanium to aluminium produces remarkable results.

Aluminium-Copper Alloys.



These alloys have been very fully investigated by Messrs, Carpenter and Edwards, who showed that
the limit of useful alloys is obtained at a content of 8 per cont copper, and that very little advantage
is  derived  from  adding  more  than  4  per  cent  of  copper.  Table  8  shows  the  properties
andcompositions of the alloys in the form of sand and chill castings and rolled bars.    

By cold drawing the 3.76 per cent copper alloy its yield point was raised to 18.5 tons, its ultimate
stress to18.5 tons, with an elongation of 7.5 per cent,  Subsequent experiments on rolled sheets
showed that the improvement it mechanical properties, due to cold working was entirely removed
by annealing at 500 degs. C. The effect of remelting these alloys is very slight; if anything, a slight
improvement in the ductility is obtained. It is interesting to note that the deterioration observed in
the heavy alloys does riot  extend to the light  ones,  Experiments made on the effect  of casting
temperature showed that an alloy which, when cast at 650 degs C., had a yield point of 5 to 6 tons
per square inch, an ultimate strength of 9.68 tons per square inch, with an elongation of 8.5 per cent,
only showed a yield point of 4,5 tons, an ultimate strength of 4.89 tons, and an elongation of 3 per
cent.  when cast at  707 degs, C. This clearly shows the influence of casting temperature on the
results obtained with these alloys. In fact, there seems to be no class of alloys in which the effect of
overheating is felt so keenly as it is in the alloys of aluminium.

 

Aluminium - Copper - Manganese Alloys.

These alloys were investigated by Dr. Rosenhain and the author, and some preliminary experiments
were made on the effect of manganese alone on aluminium.



Some chill castings were prepared, but the results were so discouraging that the experiments were
abandoned. The addition of such small quantities of manganese as 2 per cent. destroyed the ductility
of aluminium without adding to its strength. Subsequent work of a theoretical nature shows that
manganese and aluminium form a hard, brittle compound, which appear to be totally insoluble in
aluminium. Its effect is, therefore, something like that of manganese sulphide in steel. Furthermore,
this  compound rapidly  disintegrates  and falls  to  powder  in  the  atmosphere.  Experiments  were,
however, pursued in the direction of adding manganese to aluminium-copper alloys containing not
more than 4 per cent copper. Two of the alloys gave very promising results, particularly in the form
of chill castings, as will be seen from Table 9.

 
  By cold drawing the first alloy its yield point was raised to 11.28 tons, and tt ultimate strength to
18.32 tons, the elongation falling to 6 per cent,

Some interesting tests were made on the effect of casting temperature on the ultimate properties of
the rolled bars. Two billets were cast at temperatures differing by 70 dogs, C., and were afterwards
rolled into bars. The mechanical properties of the resulting bars were identical, showing that the
deleterious effects of casing at too high a temperature are completely obliterated by subsequent
mechanical treatment,

The ability of these light alloys to resist shocks is repeatedly called into question, and a series of
tests were made with the Izod machine, which showed that the two alloys here described absorbed
respectively 4.1 and 5.5 ft. Ibs, on fracture. Now a steel of 0.35 per cent, carbon absorbs 4,5 ft, lbs.,
so considering the low tenacities of these alloys, in conjunction with the low densities, the results
must be considered remarkable,

Experiments on the corrosion of the light alloys showed that the addition of manganese materially
decreases the rate of corrosion, both in tap and sea water, This is contrary to the general opinion that
aluminium corrodes at a slower rate than its alloys, Possibly the manganese itself is oxidised, and its
oxide adheres to the surface of the metal, producing a protecting patina of some hydrated oxide of
manganese, This tendency of manganese to increase the resistance to corrosion has been confirmed
by Mr, Heathcote, who tried alloys of aluminium with iron, copper, and zinc for a certain purpose,
and  found  that  all  these  alloy  were  worse  than  aluminium as  regards  resistance  to  corrosion.
Ultimately an alloy containing 1.4 per cent. manganese, 0.3 per cent. of iron, and 0.4 per cent,
silicon was found to resist corrosion in a satisfactory manner. In the form of 15 gauge rolled strip,
such an alloy has a tenacity of 12 tons with an elongation of about 12 per cent. 

 Aluminium - Zinc Alloys.



Such alloys are undoubtedly those which lend themselves best for casting purposes, and are largely
used in castings for instruments, such as electrical meters and so forth, The alloys used In motor car
construction are essentially zinc alloys, containing from 1 to 4 per cent copper,

Shepherd his shown that the zinc-aluminium alloys at each end of the series form what is known as
solid solutions (i.e., the metals remain dissolved in each other in the solid) to a very high degree,
and from comparison With the brasses and bronzes, it would he anticipated that such alloys are
capable of a high degree of utility, The good casting properties of the aluminium-zine alloys are
attributed by Shepherd9  and Bancroft10 to the fact that zinc increases the fluidity and decreases the
surface tension of molten aluminium, In a recent research, however, Professor Turner and Ewen11

have shown that the alloys undergo a slight expansion on solidification, particularly noticeable in
the alloys containing 40 to 60 per cent, aluminium, In the same paper information on the effect of
zinc on the strength of aluminium is given, and it appears that zinc rapidly increases  the tenacity of
aluminium, until at a content of about 20 per cent. Zinc the tenacity reaches 17.5 tons, after which
the tenacity slowly increases to a maximum of about 17.8 tons, at a content of 50 per cent. zinc,
and then falls down to that of pure zinc,

The tenacity of 17.5 tons per square inch for a 20 per cent, zinc alloy is somewhat higher than is
obtained in actual practice, 15 tons per square inch, with an elongation of 5 per cent. on 2 inches,
being a more average figure. In the light of our present knowledge the 20 per cent alloy is probably
the most useful one of the zine aluminium series,

Dr. Guillet divides the aluminium alloys into two classes - (1) those containing about 15 per cent,
zinc which cast well and are amenable to working, being very malleable, and (2) those containing
about 30 per cent, zinc, which give very fine castings, but are not amenable to such operations as
forging and drawing.

Table 10 gives some idea as to how the tensile strength of aluminium-zinc alloys increases with the
zinc content; tests being made on chill-castings.

For most engineering work, however, and particularly in alloys for motor car work, the zinc is either
partly replaced or supplemented by copper up to a content of 4 per cent. Favourite alloys are those
containing 10 to 12.5 per cent. zine with 2 to 3.5 per cent. copper. Such alloys have a density of
about 3 and give good clean sand castings with a tensile strength of about 10 to 12 tons per square
inch, with an elongation of 6 to 10 per cent. Macadamite is a ternary alloy, for which great strength
is claimed. It contains 24 per cent. zinc, 4 per cent. copper, and 72 per cent. aluminium, and in the
form of chill castings has a tensile strength of 20 tons per square inch.

Aluminium - Magnesium Alloys.

Magnesium appears to be an ideal element to add to aluminium, primarily because of its lightness,
its specific gravity being only about 1.7, and secondly because of its power as a deoxidiser being
greater than that of aluminium itself. The alloys were first discovered by Wőhler in 1866, later by



Parkinson in 1867, but the first to investigate them at all thoroughly was Dr. Mach, who called the
metal magnalium. The alloys examined contained from 10 to 30 per cent. of magnesium, and the
harder ones are capable of taking a very high polish, capable of rivalling that of pure silver. Further,
the alloys show a high resistance to atmospheric influences and retain their polish for a long time.
Consequently, they find application in the manufacture of scientific instruments.

Between 15 per cent. magnesium and 15 per cent. aluminium, the alloys are too brittle for
constructional  work,  for  which  purposes  magnesium is  usually  used  in  conjunction  with  other
metals. Two alloys which find some application in the arts have the compositions:

In the form of castings, the second alloy has a tensile strength of 14 to 21 tons per square inch. Both
alloys work well, and in drawing require to be frequently annealed, followed by rapid cooling. Tin
is said to reduce the shrinkage, enabling sharp castings to be obtained.

Aluminium - Nickel Alloys.

Nickel  behaves  like  copper,  but  the  high nickel  alloys  possess,  like  the  manganese  alloys,  the
faculty of falling to powder in the atmosphere. Alloys containing above 5 per cent. nickel are brittle,
but a 2 per cent alloy casts and rolls well, giving sheet with a strength of 12 tons per sq inch and an
elongation  of  20  per  cent.  The  Pittsburgh  Reduction  Company,  however,  claim  that  in  the
construction of the “Defender” an aluminium-nickel alloy having a tensile strength of 30,000 to
45,000 lbs/square inch, and an elongation of 10% was used. The alloys rapidly corrode in water.

Tungsten appears to be a useful element to add to aluminium, especially for alloys which have to be
rolled into sheet, etc., and a most interesting alloy of this nature is wolframium, which appears to
have the  composition:  Copper,  0.357 per  cent.  tin,  0.015 per  cent.;  antimony,  1.442 per  cent.;
wolfram, 0.038 per cent.; aluminium, 98.040 per cent.

In the hard drawn condition, the alloy has a tensile strength of 23 tons, with an elongation of about
10 per cent. On annealing the tenacity falls to 16 tons, with an elongation of 15 per cent.

Duralumin.

Duralumin was originally discovered in Germany and has been very much boomed in this country
by Messrs Vickers, Sons and Maxim. The alloy is not specially suitable for castings, but it finds its
main uses in the form of wire and sheets. It is claimed that the material can be obtained in strengths
varying from 26 to 40 tons per square inch, with elongations varying from 3 to 21 per cent., and
Brinell hardness numbers of from 100 to 174, according to the degree and manner of working. The
alloy is capable of taking a very high polish and resists atmospheric corrosion very well. The author
has made several analyses of the material and its mean composition appears to be: copper, 3.58 per
cent.; silicon, 0.53 per cent.; iron, 0.63 per cent.; manganese, 0.43 per cent.; aluminium, 94.87 per
cent.



There  are  also  indications  of  the  presence  of  Magnesium,  which  has  possibly  been  used  as  a
deoxidiser.  Other analyses show somewhat less manganese and more magnesium, one authority
giving the magnesium content as high as 0.75 per cent. Apparently, there is some variation in the
composition, but the writer has never been able to detect so large a quantity of magnesium in any of
his samples. Tensile tests on a sheet of the material, 0.082 inch thick, showed that it had a yield
point of 56,000lbs., an ultimate stress of 66,000Ibs. per square inch, with an elongation of 2 per
cent. A wire 0.057-inch diameter broke at 180Ibs., equal to a tenacity of 70,500Ibs. per square inch.
A  sample  of  the  sheet  after  boiling  in  water  for  four  hours  appeared  to  yield  from  the
commencement of loading and finally broke under a stress equal to 58,500Ibs. per square inch, with
an elongation of only 3 per cent. After annealing at 260 degs. C. for half an hour the strip showed a
tenacity of only 51,200 lbs per square inch with an elongation of 3 percent. The wire after annealing
at 260 degs. C. for half an hour broke at 160 lbs, equal to a tenacity of 63,000 lbs per square inch.

Conclusion.
 

Although a great deal of work has been done on these light alloys there still remains much to be
done, both from a theoretical and practical standpoint before our knowledge of these alloys can be
regarded as anything like complete. From the practical standpoint there is a great divergence of
opinion as to the best methods of pouring and casting these alloys.

Generally  speaking, aluminium gives  rise to very complicated systems from the theoretical
point of view, making their scientific investigation a difficult matter, but happily for the practical
man  only  short  ranges  of  the  alloys  are  commercially  useful,  Up  to  the  present  the  alloys  of
aluminium with tungsten, chromium, and titanium have received little attention, and those alloys,
possibly with the addition of vanadium, seem worthy of further study, At the National Physical
Laboratory elaborate researches are now being made on the properties of light alloys generally, and
undoubtedly our knowledge of these alloys will be very much increased during the next few years.
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CAST IRON IN 1926.

 J. E. Fletcher, M.I.Mech.E.
Consultant to The British Cast lron Research Association.

(Lecture delivered before a meeting of the Co-ordinate Societies at Dudley, 13th November 1926.)

The Staffordshire  Iron  and Steel  Institute  has,  from its  earliest  days,  been  associated  with  the
development  of  the  more  practical  side  of  the  ferrous  industry  and,  whilst  recognising  and
encouraging the purely scientific phases of applied metallurgy, has wisely decided to continue the
encouragement of discussions dealing with work problems and their solution.

The Blast Furnace and its Product.

True cast iron, the product of the smelting of ores, is still mainly produced in blast furnaces whose
design is on lines, but little removed from the earliest shaft furnaces. The principles of smelting
remain the same and the development  of the blast  furnace has been mainly in  the direction of
securing larger outputs on a lower fuel consumption and labour cost, together with a more efficient
use of the combustible gases escaping from the throat of the furnace.

The Influence of Scrap.

When the blast furnace is used as a melter of scrap iron and steel it becomes little more than a large
foundry cupola of probably incorrect design, so high that the scrap becomes overcarburised and
tuyèred in such proportions as may result in excessive oxidation of the metal in front of each tuyère.

The increasing quantities of scrap iron and steel thrown on the market to-day are turning most
melting and refining furnaces into scrap melters and one cannot get away from the belief that we are
entering into a ‘‘Scrap’” Age. It cannot be denied that increasing use of scrap iron and steel is
affecting  the  demand for  virgin  pig  iron  and,  even in  the  blast  furnace,  is  reducing the  mean
percentage of ores in the burden in some instances.

If the blast furnace is to become a scrap melter of efficient type the air supply must be adjusted so
that the fusion zone is lowered to within a foot or two above the tuyères, and hearth made shallow
enough to prevent cooling of the molten metal. The height of charge column should then obviously
be only sufficient for the efficient pre-heating of the charge and for the avoidance of an excessive
total-carbon content in the metal melted. Hence the fuel must be burnt to CO2 in a shallow melting
zone.

When ores are reduced and scrap melted in the same furnace simultaneously, there are two melting
zones, one above the other - unless it be possible for the sponge iron to be carburised to the same
extent (have the same carbon content) as the descending scrap. If the scrap runs from iron lumps of
half  a ton to clippings of sheet iron or steel the latter  must become carburised long before the
heavier lumps melt and the metal streams flowing into the furnace hearth will be of vastly different
carbon content. The thin sheet scrap may be carburised, melted, oxidised and reduced to spongy
iron,  then recarburised and remelted during its  passage through the furnace -  if  it  survives  the
temptation to go home again by way of the flue-dust paths.

Every blast furnaceman knows the difficulties he has in properly proportioning the weight of ore
and fuel burden for each particular furnace. It is now part of his creed to secure the greatest possible
regularity and uniformity in charging materials approximating to even lump size in coke, flux, and
ore; - ore fines and coke smalls being his ‘‘bugbear” How is he to properly apportion the col and ore



charge  weights  when  he  has  to  charge  ever-varying  types  and lumps  of  iron  and  steel  scrap?
Experience only,  by “trial  and error “methods,  can ultimately aid him in determining the most
workable  burden.  Only  those  who have made continuous observations  of  the  working of  such
charges can understand the difficulties of the blast furnaceman in regulating his working by the slag
index - his most reliable and often the only guide. The rapid passages from black to grey slags and
vice  versa  are  confusing  to  the  best  and  most  experienced  furnace  tender  and,  where  stove
equipment is deficient, he is often at his wit’s end. What about the product?

For the making of steel and wrought iron the melting and refining processes reduce the pig iron to
the approximately standardised condition of nearly pure iron - saving for the sulphur content in
some cases, but the puddler, who has to woo his metal by instinct and brute force into the plastic
state, quickly finds out the difference between ‘‘ore-plus-scrap’’ pig and the all-mine “virgin’’ pig
iron.

Variations in Composition and Fracture.

The matter, however, is of serious moment to the foundryman. He is at the mercy of the pig iron
and, if a purchased batch he has analysed varies in quality chemically - let alone physically - how
can  he  guarantee  his  product?  The  chemical  analysis  of  the  batch  is  of  little  value  if  he  is
unconsciously charging pigs of white and grey fracture into his cupola.

Economy of working is seriously interfered with when one is compelled to break every pig before
use. The fracture changes may be entirely due in some cases to variations in sulphur content, all the
other elements being approximately normal. Who is to blame? The Author recently examined a case
where the pig iron had the analysis  3.0% Total  Carbon, 3.5% Silicon,  0.4% Manganese,  1.6%
Phosphorus and Sulphur varying from 0.08 to 0.24%. There were white and grey pigs in the batch,
the sulphur being practically the only variant. To the maker of these castings the use of such pig iron
was disastrous and, even when every pig was broken in half before charging and the white fractured
pigs excluded, the resulting casting were high in sulphur. This is, of course, an incident during the
present abnormal period, but even in normal times the Author has repeatedly come across similar
cases.

The metallurgist is often blamed for such mishaps, wrongly, and it should be recognised more fully
that only by his help can these irregular circumstances be put in order; for the usual fracture index
may be incorrectly gauged, sulphur being sometimes blamed when high total carbon with other
connected constituents may be at fault. In the matter of malleable pig iron the vagaries of sulphur
and combined carbon are proverbial and to the founder who has no metallurgical equipment or
advisor on the spot the results are disturbing and often serious.

In referring again to the fracture index as a guide in the choice of pig iron and scrap - and it should
be understood that in the latter case the heterogeneity of the bulk of purchasable material precludes
anything but a ‘‘hit-and-miss’’ method of analysis - a recent case of what was thought to be old
cold-blast scrap may be cited.

The Scrap Problem.

The presence of porous areas in heavy lumps of scrap made the author suspicious,  though the
appearance of the fracture was typical of old cold-blast material. On analysis the metal was found to
be very high in phosphorus and sulphur content, but low in carbon and manganese, silicon being
normal. The phosphorus was badly segregated, and some parts of the cast iron were tough and
strong whilst others were extremely brittle. When remelted the resulting’ castings were porous and
generally unsatisfactory. On investigation the scrap was found to have been taken from a dismantled



mid-Victorian  iron  works.  During  that  period  pig  iron  made from scrap  cast  iron,  native  high
phosphorus ore and puddle-tap cinder was commonly used and, though the furnace may have been
of the small cold-blast type, the pig iron produced from such burdens was brittle and unsound and
yielded poor castings, though quite satisfactory for the making of the common brands of wrought
iron.  It  had  the  often-scorned  epithet  “Cinder-Pig.”  The  dangers  of  the  Scrap  Age  are  well
foreshadowed by such examples and the foundryman is the one who is most likely to be hit by
unforeseen accidents of the character illustrated.

In a recent paper read before the American Foundrymen’s Association the Author drew attention to
this  problem,  the  following  sentences  being  culled  from  the  Paper  (“Some  Fundamental
Relationships in Cast Iron, Wrought Iron and Steel Manufacture.” 1925). “The gathering of scrap
ferrous materials  into specific  areas  where it  can be systematically dealt  with is  occupying the
attention of many metallurgists and some attempts are being made to accumulate cast iron scrap at
convenient points, where it can be remelted and disposed of as scrap pig iron. Unless a careful
system of chemical analysis is employed at these scrap centres whereby a check on the composition
of the remelted product can be assured, trouble for the user lies ahead.

In the interests of the iron and steel industries this matter demands serious attention. The disposal of
scrap cannot safely be allowed to remain in the hands of distributors who are careless and often
ignorant of the scientific and national importance of the problem. 

The growing use of scrap in foundry cupola charges is clearly fraught with danger. There are small
foundries where the cupola scarcely ever sees pig iron, and as it is cheaper to melt thin and medium
scrap than pig iron, especially when this is of the common high-phosphorus variety, the practice
tends to spread. After six months melting and remelting of such scrap by coke of high sulphur
content it is not difficult to foresee the poisonous influence such scrap will have on the quality of
the  castings  produced  by  the  remelting  of  this  poor  material.  There  is  much  evidence  that
accumulations of sulphur lead to a general increase in the segregatory character of the carbon and
phosphorus associated with the high-sulphur content. In one case castings showed numerous porous
areas where the carbon content was only 2.5% whilst the mean carbon content was about 3.5%.

Iron From ‘‘All Mine ’’ Burdens.

When the old Black Country blast furnaces were of the design best suited to the smelting of the
carbonate  ores  of  the  Midland  coal  measures  the  best  iron  was  made  when  the  burden  was
composed entirely of these ores; the blast temperature being low and the rate of driving slow. The
hearth  diameter  was  small,  and  the  lines  of  the  furnace  were  the  result  of  “trial-and-error”
experience
extending over many years. In the best practice the regular method of charging, the adjustment of
blast volume, and the constant attention to the slag condition were regulated by formulae secretly
guarded by the manager, who was often his own furnace tender. The small outputs allowed the
furnaceman to give attention to each detail for he practically lived on his furnace. By a judicious
mixture of lump coal with his  coke the flame from the furnace throat  became an index to the
progress of the smelting. By adjusting the blast volume - at practically constant pressure - he could
raise or lower the fusion zone at will. He carefully added limestone and watched its effects on his
top flame and on the viscosity and colour of the slag, thus controlling the silicon content of his iron,
though he probably did not know what silicon was, but he knew whether his slag was ‘‘glassy” or
“limey’’ and that a black slag meant loss of iron.

The cast iron product was reputedly good, for a regularity of furnace working was secured when
coal, ores, and flux were of very uniform character and the air supply was as pure as the winds of



heaven,  and as  cold.  Such cast  iron,  when puddled,  helved and rolled  or  forged,  provided the
material which is ‘‘alive and well’’ in the bridge at Menai to-day.1

Similar cast iron is being produced to-day in furnaces only a few miles away from those which once
were household names in Britain and appeared in the places of honour in the experimental research
journals  of  those  never-to-be-forgotten  practical  physicists  and  engineers  Hodgkinson,  Barlow,
Fairbairn and Kirkaldy.

Amongst these were such local iron brands as Windmill End, Old Park, Wednesbury Oak, Lane End
Level, Buffery, Ley’s Works, Oldberry (Oldbury), Corbyn’s Hall, Madely Wood, Russell’s Hall, and
Prior Field.

Modern blast furnace research is to-day emphasising the very details of furnace practice which were
the religion of the old cold-blast furnacemen. Uniformity of ore and coke size, regularity of air
volume, descent of burden, slag composition, and control of tunnel head or throat gas composition.
The difficulty to-day is how to secure these when fine ores, high-sulphur coke, and scrap have to be
charged in furnaces 80 feet high and with a 12 or 18-ft. hearth, using high-pressure and temperature
blast. Much has been done and very good pig iron for steel making purposes results, together with
remarkable economies in fuel and labour costs.

The smaller, slower running furnaces, using lean ores and cool blast were able to smelt such ores
with the minimum carbon absorption. Hence the pig iron was low in total carbon content, even
when low-silicon pig was being made. When using richer ores, the carbon content naturally rises,
dependent on height of the burden column and rate of driving—a function of the composition,
temperature, and velocity of the gases traversing the column.

Importance or Low Total Carbon Content in the Foundry Iron.

Whilst it  may be admitted that the carbon content in the cast iron (pig iron) used for steel and
wrought-iron making is not of serious importance - though the lower it is the more economically is
the  metal  refined  -  the  total  carbon  content  in  foundry  irons  is  of  considerable  and  growing
importance.

The carbon content may be lowered by using heavy proportions of tap or flue-cinder in the blast
furnace burden, but the resulting cast iron is of poor quality. When such burdens are used to yield
high silicon, high phosphorus irons the carbon is lowered by two types of action. The flue cinder is
a slag and melts low down in the furnace and the reduced iron does not traverse so great a distance
through the  contra-flow stream of  reducing and carburising  gases.  The phosphorus  and silicon
displace carbon in the melted spongy and carburised iron and so reduce the carbon content in the
resulting pig iron - a slag-interchange series of reactions taking place, the silica and phosphates in
the slags giving silicon and phosphorus to the liquid iron. As the silica and phosphoric acid contents
of the slag always exceed 25 per cent. the phosphorus readily passes into the iron at all hearth
temperatures, but the silica is only reduced by the carbon as the temperature of the slag is increased
- coincidently with that of the iron.

The tendency in modern practice is to drive the furnaces harder, in order to obtain greater yields.
With the same ore, coke, and flux, as used say 20 years ago a furnace if driven harder will use a
greater weight of blast per square foot of hearth per second and, as the temperature at the stoves is
increased the volume passing the top of the bosh horizon, and the gas velocity, will be increased
proportionately. The fusion zone will be deeper and the mean temperature of the burden column
higher than before.

1 See article by S.J. Astbury, M.A. on British Wrought Iron in British Industries Sept 30th, 1926, p.44



The reduced iron will therefore be preheated at a greater rate and, as the volume of the reducing
gases passing per second is increased, the carburising effect of these gases (CO) will be greater, and
the iron will have a higher total-carbon content when it reaches the melting zone. It has the same
distance to descend as before, but the temperature of the carburising zone is higher. Each grain of
reduced iron is rubbed by a greater volume of carburising gas whilst travelling from the stock line
to the hearth. The harder driving therefore tends to raise the total carbon in the iron, especially if
the blast temperature be raised. The slower driving of the older furnaces combined with the cooler
blast, as already stated, resulted in iron of lower total-carbon content, because the fusion zone was
lower and carburising effect of the reduced iron was less.

When, in addition, the hearth diameter is increased and the furnace driven faster so as to get the
maximum weight of iron per square foot of hearth area per hour then, if the coke burnt per square
foot of hearth be the same as in the preceding case the mean temperature of the burden column will
be still higher – the blast pressure being raised in order to penetrate the larger hearth and the mean
blast temperature possibly raised - if making iron with the same silicon contents as in the furnace
with the smaller hearth. Such alteration to the hearth would lead to higher total carbon. 

Any increase in the height of the burden column by increasing the height of the stack must lead to
further carburising of the iron grains because of the longer travel-path from stock-line to the hearth.
It may therefore be expected that the burdening for the higher silicon irons will lead to higher total
carbon content in the case of harder driving conditions. The older furnaces, with larger boshes and
slacker blast at lower temperatures and lower fusion zones generally made lower silicon irons, with
lower total carbon content.

The influence of the finer ores so much used to-day naturally disturbs the rate of driving and tends
to keep the carburising gases longer in contact with the reduced iron grains. It may be expected that
the fusion-zone would then be deepened, and the temperature somewhat lowered by the finer ore
burden, but the mean temperature of the burden will be raised in accordance with the silicon content
aimed for, and the tendency is again to increase the total-carbon content in the iron. It  will  be
seen from the  above that,  generally,  when a  furnace  is  designed and  operated  with  a  view to
maximum output and low fuel cost the tendency is for the resulting pig iron to be high in carbon
especially when rich ores are used. By working with a low stock line it is possible to obtain lower
carbon content in the iron, but this involves many practical difficulties and the furnace make suffers
as well as the lining.

Cheaper pig iron depends upon the ability to drive furnaces having deep burden columns at the
highest possible rate, the exit gases being used to the utmost extent as heating agents or for power
supply,  the  efficiency  of  the  blast  heating  stoves  and  of  the  blowing  machinery  now  being
considered as of primary importance, together with that of the charging and handling plants.

Cast Iron and the Foundry Problem.

Engineers are demanding stronger and better iron castings involving generally the use of cast iron
low in total carbon, silicon, phosphorus, and sulphur with higher manganese content in some cases.
In the U.S.A., where rich ore smelting is the rule, the total-carbon content of the pig iron is a serious
difficulty and a dilution with steel scrap for the purpose of lowering the carbon in castings has been
forced upon the foundry industry. The same difficulty is gradually spreading over Britain and as
competition in the foundry industry is probably greater than in any other ferrous section, cheap
means of meeting the engineer’s demands are being developed along the same lines as in America,
France and Germany, pig iron, cast iron scrap, and steel scrap, being the customary trio in modern
cupola mixtures.



To the up-to-date foundryman the position with regard to the difficulty in obtaining low carbon
foundry pig iron produced from ores alone - without the admixture of steel scrap in the burden - is
disconcerting. He is faced with a growing demand for low carbon content in his castings and he
knows  that  the  use  of  so  called  “semi-steel’’ mixtures  in  the  cupola  is  not  always  entirely
satisfactory.  He would much rather use low carbon pig iron in  his  charges if  this  were always
available. The difficulty is with the low silicon, low phosphorus irons. The carbon content in high
silicon, high phosphorus pig irons is naturally lower by reason of the displacement of carbon by the
silicide and phosphide of iron, but the matrix containing these constituents is high in carbon so that
the low carbon overall content is not really low, as many of these pig irons are hyper-eutectic in the
sense that the matrix contains more than 4.3% carbon.

Thus, a Midland pig iron of 3%, silicon, 1.8% phosphorus content may contain 3.5% total carbon.

The composition may be given, approximately, in terms of the following constituents:

The matrix is composed of Iron, Manganese and Carbon, there being 3.5% carbon to 76% iron and
manganese—an equivalent of 4.6% carbon in the matrix, the iron being therefore hypereutectic.
When the total carbon is 3.0% the iron is hypo-eutectic for then the carbon % in the matrix is only
3.95%.

The high total-carbon content of many hæmatite irons is also a trouble to the foundryman, for in 3%
silicon irons the carbon may reach 4.0%, in which case the matrix (91%) contains 4% carbon,
equivalent to 4.4% actual carbon content - the iron being hyper-eutectic.

These  illustrations  show that  hard-driven  furnaces  make  high-carbon  pig  irons  (hyper-eutectic)
whilst the smaller cool-blast slow-driven furnaces make low carbon pig irons as typified in a local
cool-blast iron of 3.5% iron, 1.5% silicon, 0.4% phosphorus content. Here the matrix contains 3.8%
carbon, and the iron is hypo-eutectic.

It should be noted, however, that similar furnaces in different localities - in the matter of size, lining
shape, blowing and stove equipment - working on similar ores, not infrequently produce pig irons
of different carbon content. This is probably due in large measure to the kind of coke used. Some of
the oldest and most successful blast  furnace plants have made their  own coke in what may be
considered as a primitive fashion, using carefully selected coal and subjecting it to a rigorously
uniform method of coking. The product is a highly combustible fuel of high porosity and giving a
low and shallow fusion  zone in  the  furnace  -  almost  ideally  perfect  -  thus  lowering  the  mean
temperature in the burden column in the furnace shaft and, as a consequence, enabling a lower
carbon pig iron to be made.

Too  much  honour  cannot  be  paid  to  the  patient  and  resourceful  blast  furnace  managers  who
operated  the  old  small  furnaces  of  the  Midlands  on  such truly  scientific  lines  that  the  regular
product was a pig iron of low carbon content which would bend before it would break. There was
nothing haphazard about such methods and it is significant that the investigation of the differences
in old and new methods of smelting is not showing up any fundamental errors on the part of the
careful furnaceman of 60 years ago. Modern conditions make slow-working furnaces commercially
impossible on a large scale, but it should be noted that there are still plants of this type which, in
normal times, cannot make sufficient iron to meet the demands of roll makers and engineers who



know the value of the metal and are prepared to pay for it - knowing full well, by bitter experience,
that the semi-steel type of substitutes, though of similar chemical analysis, do not yield the same
result in either cupola or air-furnace mixtures.

Perhaps,  by  a  combination  of  the  old  slow-melting  type  of  hearth  furnace  and the  direct  ore-
reducing revolving kiln a method may be evolved which will enable tough low-carbon pig iron to
be produced at a lower cost, - iron which shall be uniform in quality and composition to meet the
needs of the future for higher quality castings.
 
Substitutes for Low Carbon Pig Iron.

Most  blast  furnaces  produce  from time  to  time  “off  iron”  which  may  be  “white”  or  ‘‘glazy’’
fractured and these are generally low in total carbon content, the first being low and the second high
in silicon content.

If the sulphur content is low, mixtures of the two can be melted in the cupola and what is sometimes
called ‘‘refined iron’’ put on the market. By adding steel scrap to the pig irons the silicon content
can be adjusted and the total  carbon content  reduced but,  though the  chemical  analysis  of  the
resulting iron may approximate to all-mine cool-blast iron the physical character of the two irons is
vastly different. The Author has repeatedly noted differences in the castings made from good all-
mine and semi-steel substitutes in cupola mixtures producing metal of similar chemical analysis. In
the first case the castings were free from shrinkage and internal defects, whilst in the latter there
was much trouble from these. The steel-mixture irons are often higher in tensile strength - possibly
due to an internal strain-hardening. When annealed, the tensile value falls, and in some cases the
result is a very brittle product.

The use of the air-furnace for the remelting of pig iron mixtures and the production of “refined’’ pig
iron is also fairly common, and the resulting pig iron is undoubtedly superior to that which has been
remelted in a cupola, but, as steel additions are not so readily melted, the physical character of the
resulting metal is often lacking in homogeneity. This also applies to pigs remelted with steel in the
open-hearth steel furnace. Both the air-furnace and steel furnace methods need strict control, the
weight of the charge operated and the depth of the bath playing a considerable part in the degree of
homogeneity obtainable in the cast iron produced. It is to be remembered that in each of these open
hearth processes the oxidation of the silicon and manganese precedes that of the carbon and, though
we like to think that mixtures of various pig irons and steel scrap, when melted, diffuse perfectly -
the wish being father to the thought - this is far from being the case in practice and the bath must be
well rabbled in order to obtain a sufficiently satisfactory diffusion.

The well-known case of white-iron additions to a cupola charge consisting of say 90 per cent. grey
and 10 per cent. White irons is a good illustration of the strange behaviour of the carbon during
melting. The combined-carbon content in the resulting castings can be raised by such white-iron
additions, the metal being quite different from that obtained from an all-grey mixture of similar
mean carbon content and in the contents of the remaining constituents.

No one knows better than the maker of ‘‘white-heart’’ malleable castings how remarkably different
are the fluid and solid characteristics of white irons of similar chemical analysis made from “all-
pig” or  “pig-plus-steel”  mixtures in  the cupola,  whereas the same two mixtures when properly
melted in crucibles are much more nearly alike.

The function of sulphur in these two cases is dissimilar and, though much research has been carried
out in an attempt to trace the cause, there are so many possible variations due to temperature, air



and other gases, slag, fuel, and to the physical and mechanical conditions of the charge as it alters
its position during pre-heating and melting, that the solution is of the utmost complexity.

The science of mixing various ingredients in a cupola charge demands a life-long study in the
foundry itself. Small test bars can help in arriving at a general index to the structure, chemical nd
micro-analyses, mechanical strength and other properties - (thermal, electrical, etc.), but the batch
of castings from a charge is the ultimate criterion every time and the scrap heap is sometimes the
only guide to the real Character of a  cupola mixture.  In a recent instance the use of a certain
hæmatite in a cupola charge, - in place of another brand of similar chemical composition, - led to
abnormal slag eruptions. This persisted so long as this pig iron was used. There was nothing to be
gathered from the composition of the castings produced, but they were more porous than previously.
The slag was always black, though the limestone additions were normal. By readjusting the weight
of the coke charge the trouble was stopped and the castings were sound again. A return to the old
brand of hæmatite allowed standard conditions
of melting to be resumed.

Enough has been said in proof of the oft repeated assertion that cast iron is the most complex of the
ferrous  alloys  in  common use,  and that  the  understanding of  fundamental  laws concerning the
constitution of the metal must go hand-in-hand with the practical sense. The milligram and the ton
are related, but too often the metallurgist fights shy of the man who has to handle the ton. Not rarely
he points out the sulphur speck in a pinpoint microstructure whilst unable to diagnose the cause of a
mysterious difference in fracture of pig iron section or in that of a complicated casting. But such
conditions  are  altering,  and  the  modern  metallurgist  is  getting  into  closer  touch  with  works
conditions, seeking to bring his invaluable training on the theoretical side to bear on work-a-day
works difficulties, by keeping in constant touch with the men who have to control and operate
works plant on a commercial basis. The tedious character of research and the time required to get to
the root of a trouble is not always understood by the foreman or manager who has to ‘‘get a move
on’’ and “produce the goods.’’
 
The Production of Stronger Irons in the Cupola.

The cupola, like its larger fellow the blast furnace, is essentially a carburising as well as a melting
furnace. When properly designed, charged, and blown, the melting zone is not more than 2 feet
above the tuyère level, the air supply being so adjusted as to secure the burning of the coke carbon
to CO2. The height of charge column above the tuyères is sufficient to enable the hot gases escaping
from the fusion zone to preheat the metal and coke to the metal-melting temperature by the time the
charges have fallen to the correct fusion-zone level. After leaving the fusion-zone the gases absorb
carbon from the coke, and, when rich enough in CO, become carburising in action, but have little
effect on the pig iron and cast-iron scrap in this direction, the already carburised metal taking up
very little further carbon.

If steel is a part of the charge the carburising action of the gases is used in ‘‘cementing’’ the low-
carbon material and, if the conditions necessary for raising the carbon in the steel to that of the
remaining portion of the charge (pig iron and cast-iron scrap) are secured, the whole of the charge
melts together at the desired constant level of the fusion-zone. This is the ideal condition, but rarely
takes place continuously, because the heavier sections of the pig iron and thick iron scrap descends
lower in the cupola shaft before being thoroughly melted, than do the thinner iron scrap pieces.

The steel scrap may not be sufficiently carburised to melt at the desired level and to sink lower in
the shaft before fusion takes place. Generally, the upper level of the fusion-zone is the melting level
of  the  lighter  iron  scrap  and the  lower  horizon that  of  the  steel  melting.  With  very  dissimilar



ingredients in the charge the depth of the fusion-zone may be considerable, in which case oxidation
of the first-melted metal may become serious.
It will be readily seen that unless the steel can absorb say 3 per cent. carbon before melting it may
be badly oxidised and flow sluggishly into the cupola well,  affecting the fluidity of the molten
mixture.

Far too much cast iron of the semi-steel type suffers from improper melting control and the Author
has frequently seen disastrous results accruing from ignorance of the conditions actually prevailing
in the cupola during melting. Slip-shod and often so-called “practical” control of cupola working is
the cause of endless trouble with castings made from mixtures containing steel.

A cupola, like the blast furnace, has proportions fitted for the efficient melting of charges of certain
weight and composition, for which a definite coke charge and weight of air per second is required.
If these are deviated from, the resulting product suffers or by the oxidation of the coke losses may
become excessive.

In some cases, the maximum melting rate may be obtained with thin scrap charges and a minimum
coke consumption. To obtain this result the correct weight of air per lb. of coke consumed, the metal
and coke charges must be properly proportioned, the height of the charge column must be suited to
the preheating required to keep the fusion zone level constant, and the velocity of the air through
tuyères and of the gases through the fusion zone must be such that the maximum temperature of
fusion is produced at the desired constant fusion zone level. All these factors are inter-related and,
for a given cupola of standardised proportions  and correct  air  supply,  suitably controllable,  the
remaining factors can he found by experience - guided by knowledge of the scientific principles
underlying each.

In many cases the maximum melting rate does not correspond with either maximum fuel economy
or a satisfactory product, when the metal charges are made up of diversely constituted metal, with
respect to composition and size of pieces. Slower melting and in some cases a slight deficiency of
air supply leads to reduction in metal losses through oxidation and, in the case of steel and cast-iron
mixtures, more uniform melting and a better product. Every case deserves special attention and
where this is given the quality of metal melted can be improved—but this involves knowledge of all
the materials used, in a practical and scientific sense.

The large  number  of  melting  problems investigated  by  the  Author  for  the  Cast  Iron  Research
Association have provided much food for thought and action. The diversity in cupola design and
operation is surprising and have shown how little is really known of the basal principles underlying
efficient iron melting.

Common phosphoric cast iron is readily melted and any old boiler tube, lined with firebrick and
fitted with a few tuyères and blown by a fan, either too small or large for the job, has been used as a
cupola,  and  is  still  being  used  in  innumerable  small  foundries.  The  metal  melted  has  been
considered  good  enough  and,  where  the  primitive  cupola  has  been  large  for  its  work  and
underblown,  the  results  have  often  been  remarkably  good  in  the  matter  of  sound  castings  in
common iron made from 50% scrap, 50% pig charges. On the other hand, excessive blast supply in
similar primitive cupolas deficient in height results in waste of fuel and porous castings.
 
The resurrection of Stirling’s toughened cast iron in the form of what is now known as semi-steel is
of particular interest to the Black Country, for some of the earliest careful tests on Stirling’s iron
were made in this district. From 20 to 40 per cent. of wrought iron scrap was mixed with such cold
blast irons as Madeley Wood, Wednesbury Oak and Russell’s Hall (Dudley) and melted in cupolas
and  air  furnaces.  The  best  results  were  then  obtained  with  mixtures  containing  about  30% of



wrought iron. These gave about 50% higher transverse tests than those made from the cold blast
iron alone, though the deflections were greatest on bars made from the virgin irons. In many cases
the  deflections  were  much  higher  than  are  obtained  to-day,  whilst  the  tensile  strength  was
considerably lower. Stirling’s iron had high compressive strength in many instances, approaching 80
tons per square inch.

A very interesting  and important  fact  recorded is  that  the best  results  were obtained when the
wrought iron was mixed with the weaker (higher silicon) irons. These melted more satisfactorily,
and it was remarked that there was comparatively little improvement when the wrought iron was
added in mixtures containing the strongest cold blast irons (low silicon). These old results (1850 to
1860) throw considerable light on recent practice in the use of pig iron plus steel or wrought iron
scrap in cupola and air furnace charges producing what might be termed steel-toughened cast-iron
or - for the inventor was worthy - Stirling cast iron. The term semi-steel is, of course, a misnomer
and has confused many.

After Stirling came Gauthier who used mixtures of steel scrap and ferro-silicon in the cupola (1888)
and obtained sound and tough castings. The total carbon in such ca stings was in the region of 2.5
per cent. with a silicon content of 2.6 per cent., thus resembling the iron now known as Emmel iron
(process patented by Herr Emmel, of the Thyssen Co., Mulheim-Ruhr). Gauthier stated that his
metal contained about 2 per cent. graphite and more than 2 per cent. silicon. One of the mixtures
used at the steel works in Terrenoire contained 77%, steel scrap and 23% ferro-silicon (9% silicon).
Assuming no loss, this metal would contain 2.07% silicon and about 2.5% carbon. Repeated impact
tests - drop hammer type - on a bar 30 mm, square, placed on supports 160 mm. apart withstood 10
blows  of  a  35-lbs.  hammer  tup,  falling  from  a  height  at  first  blow  of  35  centimetres,  each
succeeding blow being given from a further height of 10 cm., the tenth blow corresponding to a
height of fall of 110 cm. The cast iron thus made could be forged.

Since the war the experience obtained with steel and grey iron mixtures in the cupola showed that
Ledebur’s suggestion that the sum of the total carbon and silicon content in a strong cast iron should
be from 5.0 to 5.2 per cent. is readily attainable and more recently the lower limit has been placed at
4.0 per cent. As it is difficult to obtain a lower total carbon content than 3.0 per cent., even with
steel in the mixture, the range of silicon allowance is between 1.0 and 2.2 per cent. The presence of
phosphorus  in  high  tensile  irons  has  been  found  to  be  detrimental  and  the  tendency  is  in  the
direction of reducing the phosphorus content to the minimum. In irons for such severe service as is
demanded for Diesel piston and liner work the phosphorus content is often kept as low as 0.2 per
cent. 

The complex question of suitable chemical analysis for cast iron to fulfil the requirements of the
many branches of engineering to-day cannot be satisfactorily dealt with here, for this problem is not
merely concerned with the analysis values, but with the mixtures used in obtaining the necessary
fluidity and homogeneity, the type of melting furnace employed, and the character of the mould in
which the castings have to be made. The design of the castings also enters into the question for
there are many forms which cannot be satisfactorily made in quick cooling moulds and the analysis
theoretically desirable must be modified to meet these conditions. In this connection some emphasis
is necessary concerning the correctness of the many tabulated suggestions for the chemical analysis
of cast iron suitable for typical services, as published in text books, pig iron circulars, and in not a
few papers read before scientific and technical societies.

The Metal and its Mould.

The inseparable connection between the metal and its  mould has been considered recently in a
lecture given by the Author to the Manchester Metallurgical Society,  when the influence of the



mould on the metal solidifying and cooling within it and, conversely, of that of the metal on the
gradually heated mould were shown to be interdependent. Obviously, there is here a problem which
demands serious attention. The theoretical and practical considerations are complementary, and very
serious errors can be made if the problem is attacked from either point of view separately, without
correlating them.

For  instance,  how  can  the  proper  thickness  of  the  chill  mould  for  a  large  roll  or  for  a  thin
complicated casting be arrived at theoretically, and how can the structure of the casting in such a
proportioned mould, when cast in iron of desired analysis and structure be forecast? The laws of
heat conductivity and radiation are complex and, when applied to porous sand and metal – heating
and cooling simultaneously - the difficulty of the accurate determinations of these complementary
actions is great. Hence the approximate values obtained from actual works tests are at present the
only guide to the proportioning of mould thickness and we are not yet at the point where accurate
mould design,  based on theoretical  laws,  can be said to  fit  in  with practical  requirements.  But
research is proceeding in the direction of testing calculated design thicknesses of sand and metal
moulds, taking into consideration the main variables.

Much more might be said about these and other cast iron developments, some of them involving the
use of non-ferrous alloys for acid, alkali, corrosion, and heat resisting purposes but, as research of a
far reaching character is in progress in the laboratories of the British Cast Iron Research Association
and  in  the  works  of  members  of  that  organisation,  as  well  as  in  various  University  research
laboratories and at  the National  Physical Laboratory -  following the programme framed by the
B.C.I.R.A. Council and Research Committees - the author cannot say more than express the opinion
that important data of a practically useful character will result.



NICKEL-IRON AND RELATED ALLOYS.

W. T. Griffiths Esq., M.Sc., F.I.C.
(Research and Development Department, The Mond Nickel Co. Ltd.).

(Paper read by the Author at 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, Birmingham, 22nd March 1927.)

The alloys of nickel and iron first attracted the attention of scientific investigators owing to their
presence in appreciable quantities in meteorites, those masses of matter which reach the earth from
the heavens. Of the known meteorites, over one-third consist almost entirely of solid solutions of
iron and nickel, while a proportion of the others contain considerable percentages of these alloys.
Very rarely has a meteorite been found which contains no nickeliferous iron. The alloys give rise to
three characteristic constituents known as Kamacite, containing about 6 per cent. nickel, Taenite,
containing up to 40 per cent. nickel and Plessite, which is probably an intimate mixture of the above
two. The presence of these constituents in meteorites has resulted in a good deal of discussion as to
the  stable  equilibrium  diagram  of  the  nickel-iron  alloys,  a  matter  which  is  still  receiving  a
considerable amount of attention.
(It may be of interest to remark that partly as a result of the study of meteorites the opinion is
generally held that the centre or core of the earth up to within 2,000 miles of the surface, consists of
a mass of nickeliferous iron.)

In 1803 Widmanstätten first pointed out the appearance on a polished section of a meteorite of the
structure or pattern which has since borne his name. It is made up of the three above-mentioned
constituents.  Since  that  time  several  workers,  beginning  with  Stodart  and  Faraday1 in  1820,
attempted to prepare synthetic meteorites showing this structure but with indifferent success. In
1910, however, Belaiew2 showed that the Widmanstätten structure could be produced in a 0.5 per
cent. carbon steel by very slowly cooling it from a high temperature, At the same time he pointed
out the similarity between this structure and the well-known Martensitic structure of hardened steel.
Belaiew did  not  succeed in  developing the  structure  in  an  iron-nickel  alloy,  but  the  next  year
Benedicks3 claimed to have done this by the very slow cooling of the 12 per cent. nickel alloy. His
published figures, however, do not appear absolutely convincing.

Meanwhile, as far back as 1889, Riley4, and also Hall5, had reported to the Iron and Steel Institute
the results of their tests carried out on nickel steels, which indicated the beneficial effect of the
nickel additions on the mechanical properties. Since that time research has been actively prosecuted
in several directions, and it has been shown that nickel-iron and related alloys possess certain useful
properties in a degree which is not approached by any other known material. It is the purpose of this
paper to give some account of those properties, and with this in view it is proposed to discuss first
the alloys as a whole and then to consider each outstanding feature in turn.

Constitutional Diagram of the Nickel-Iron Series

As long ago as 1894, Osmond6 showed that the addition of nickel to a carbon steel resulted in a
lowering of the magnetic change point. After a considerable study of the properties of the nickel
steels, this same worker in company with Cartaud,7 turned his attention to meteorites and, in order to
explain their composite structure, evolved an equilibrium diagram similar to that of Fig. 2, which is
due to Hanson and Hanson.8 Since 1904, when the diagram appeared, several workers have taken
the matter up, in some cases agreeing with Osmond and Cartaud, in other cases disagreeing. The
question is of some interest and may be briefly considered.



In Fig. 1. are shown approximately:
(a)  the liquidus  and solidus  of  the system and the transformation points  above 900°C.  as  
determined by Hanson and Freeman.9

(b) the lines passing through the mean values for the transformation temperatures below 900° 
as given by various investigators. 

The latter change points have mostly been determined by magnetic means, but thermal, dilatational,
electrical conductivity and thermoelectrical methods have also been used. When less than about 5.4
per cent. of nickel is present the crystals which first separate from liquid metal are similar to δ iron
and have a body-centred cubic space lattice. At temperatures varying from 1400°C. for pure iron, to
1500°C. for the 3.2 - 5.4 per cent. Nickel alloys, the δ iron solid solution is transformed into a γ
solid solution, the space lattice changing to the face-centred cubic. At temperatures above 900°C. all
the alloys have this face-centred cubic lattice, the dimensions of the elementary cube, of course,
altering as one passes from that of pure iron to that of pure nickel.

Consideration of the diagram for temperatures lower than 900°C. immediately indicates that there
are distinct differences between the alloys containing less than about 30.0 per cent. nickel and those
containing above that amount. The line AC shows the temperatures at which the various alloys
containing less than 30 per cent. nickel are transformed on cooling (at rates down to about 10°C. per
hour) and at these positions the γ solid solution is converted into α solid solution, i.e. the face-
centred  cubic  lattice  changes  into  a  body-centred cubic arrangement.  On heating,  however,  the
reverse change takes place, not along the line AC but at the temperatures on the line AB. It will be



noted that the line AC continues below 0°C., indicating that if an alloy containing about 30 per cent.
nickel, which has not transformed at 0°C. is cooled to lower temperatures the change does take
place. It is estimated that the line would reach absolute zero at about 37 per cent. nickel.
To the right of the point M the kinks that are observed on both heating and cooling curves occur
close to the line MNO. These alloys, containing more than about 30 per cent. are therefore known
as the “reversible’ nickel-iron alloys, while those containing less than this amount are said to be
“irreversible.’’ It has been further shown, however, that the changes to the right of M do not take
place suddenly but are spread over a range of temperature ending at the line MNO on heating and
commencing at  about  that  line on cooling.  The transformations  in  this  part  of  the diagram are
characterised principally by a loss of magnetic properties on heating (so that above the line MNO
the  alloys  are  but  feebly  magnetic)  but  are  also  accompanied  by  irregularities  in  dilatational,
electrical  resistivity,  and other physical properties.  They are not,  however,  accompanied by any
change  in  space  lattice  form,  this  being  face-centred  cubic  both  above  and  below  this  line.
According to present ideas, therefore, to the right of the point M, so long as the alloy has not been
cooled below room temperature, we are only dealing with a single phase and the transformation
represented by the line MNO is, in some degree, analogous to the magnetic change, Ac2, found in
low carbon steels.  It  is  interesting to note that Chevenard10 has recently drawn attention to  the
existence of similar transformations without change of phase in other solid solutions. Exactly what
these changes are is, as yet, quite unknown. They would appear to be connected with some internal
change in the atoms themselves, the effect on the space lattice dimensions, as evidenced by the
change of length of specimen, being only an indirect one.

As  mentioned above,  Osmond6 devised  an  equilibrium diagram for  these  alloys  to  explain  the
structure met with in meteorites. His diagram has received the support of several workers including
Hanson and Hanson, to whom Fig. 2 is due. The actual transformation points obtained on thermal
and conductivity curves by the latter workers are given on the faintly dotted lines, the supposed
equilibrium temperatures being on the darker lines. Evidence for the latter was claimed to have been
given by the micro-examination of specimens annealed for lengthy periods at various temperatures.
The great stumbling block to the acceptance of this diagram would appear to be the evidence that
the line MNO, according to present day ideas, does not represent a phase change at all, and it is
difficult to see how a eutectoid line such as that included is possible in the circumstances. Evidence
against  the  acceptance  of  the  diagram  has  been  put  forward  by  Fraenkel  and  Tammann,11

Chevenard12 and Peschard13, the latter having recently published an exhaustive study of the whole
subject.

It  thus appears  that  although fairly  accurate  information exists  as to the temperatures at  which
transformations take place under ordinary conditions of heating and cooling (and this knowledge is,
after all, the most important from a practical point of view), the positions of the lines of the actual
equilibrium diagram are still  uncertain.  Further,  advances must await  an increase of knowledge
concerning solid solutions and the changes which can take place in them.

Magnetic Properties

Magnetic properties are dealt with before any others for the following reasons; probably the first
insight into the fundamentals of this series of alloys was based on magnetic measurements and also
the most recent, and certainly the most sensational, discoveries regarding the alloys that have been
made in regard to magnetic properties.

Soon after Riley announced the production of nickel steels, Hopkinson14 discovered that the steel
containing 25 per cent. nickel was non-magnetisable at room temperatures. If heated it retained its
non-magnetic properties, but, if cooled to below 0°C. it became magnetic, and then did not lose its
magnetisability on heating until about 580°C. The reason for these changes will be obvious from



Fig. 1, when it is remembered that the presence of carbon in the steels shifts the line ACD to the
left.  After  Hopkinson,  a  number  of  workers  investigated  the  magnetic  properties  principally  in
connection with the attempts, already mentioned, to determine the equilibrium diagram. The result.
of these investigations found little commercial application except, perhaps, in the case of the non-
magnetic  steels  containing  about  25  per  cent.  nickel,  which  were  used  to  some  extent  where
strength combined with non-magnetic properties were required.

In 1921, however, the Western Electric Company of America, took out patents in this country for
alloys containing about 78 per cent. of nickel, which, it was claimed, would give, after a stipulated
treatment,  figures  for  permeability  higher  than  had  been  obtained  previously  with  any  other
material. The alloy first manufactured by them as giving the best properties was that containing
78.5 per cent. nickel and 21.5 per cent. iron, all other impurities being kept as low as possible. The
treatment necessary to develop the best properties consisted in first heating the alloy to 900°C. for
an hour and cooling slowly, and then re-heating to 600°C. and cooling at what apparently must be a
fairly definite rate. In the case of the tape form in which the alloy has mostly been produced up to
the present the rate is little different from that given by cooling in air. This is a new and important
discovery - that heat-treatment can affect the properties of an unworked material which apparently
consists of a single phase. It is also a point of some significance that in a system which has been
studied  so intensely  from a magnetic  property  point  of  view,  the  discovery  of  the  outstanding
features mentioned should have been so long deferred. It is perhaps an earnest of what might still be
possible in other alloy systems with the continuance of research.

The alloys patented by the Western Electric Company were given the general name “Permalloy”
and not long after the announcement of their discovery, patents for a series of nickel-iron alloys
having similar properties, but containing certain quantities of copper and manganese, were taken
out by Smith and Garnett and are now held by The Telegraph Construction and Maintenance Co.
Ltd., of this country, who produce these latter alloys under the name of ‘‘Mumetal.”

What striking properties these alloys have may be judged from Fig. 3, which shows the values
obtained by Yensen,15 for a 78 per cent. nickel alloy, a 50 per cent. nickel alloy, pure iron and a
silicon iron alloy. The feature of the nickel-alloys which is illustrated is their high permeability in
low magnetising fields as compared with the best materials known previously. Attention should also
be drawn to the high “initial permeability,” i.e., the permeability in fields whose strengths approach
zero. The highest value for initial permeability so far reported is about 13,000,16 or more than thirty
times that of the best soft iron. All the alloys containing between about 35 and 75 per cent. show a
low hysteresis  loss and coercive force,  factors which are of considerable importance where the
magnetising force and resultant flux are changed rapidly.

Unfortunately,  the  alloys  are  liable  to  have  their  properties  impaired  if  they  suffer  any plastic
deformation. Heat-treatment, however, will completely restore the original properties. The aim is
therefore to carry out the heat-treatment on the alloy as late as possible in the incorporation of it into
any construction, In the case of the cables referred to later, the iron-nickel alloy is heat- treated after
it has been wound on to the core.

Various additions of other metals than those mentioned above have been patented from time to time
with a view to making the alloys less sensitive to cold work, to increase the initial permeability and
to raise the electrical resistivity, the latter being of value in keeping down eddy current losses.

The immediate use to which the high permeability alloys were put was for the loading of submarine
cables. Owing to effects of the capacity of these cables, it was impossible to send messages at more
than a certain speed, and although it was known that these capacity effects could be got rid of to
some extent by placing a magnetic substance round the cable core, no material was available which



had a sufficiently high permeability in the low fields that exist in telegraphic work. The advent of
these nickel-iron alloys met this deficiency and the wrapping of a fine tape of one of these round the
cores of the latest cables to be laid has resulted in the speed of working being increased at least six-
fold.

These alloys are also finding an extending use in delicate relays, telephone receivers, distortion less
radio  transformers,  electromagnets,  etc.,  and  for  such  purposes  as  magnetic  shields,  used,  for
example, in the case of watches situated in power stations and other places where accuracy might be
affected by electrical disturbances. 

Apart from the high permeability alloys mentioned, the iron-nickel alloys exhibit a wide range of
magnetic  properties,  from the  practically  non-magnetic  material,  containing  about  30  per  cent.
nickel  upwards.  The  electrical  resistivity  also  varies  considerably  with  composition,  so  that
numerous combinations of resistivity and magnetic properties are possible. For certain purposes the
50  per  cent.  alloy  has  advantages  over  that  containing  78  per  cent.  nickel  as  it  has  a  higher
saturation value and electrical resistance. The 50 per cent. alloy is also interesting because its B.H.
curve up to B=3,000 gausses is nearly linear, and this property has been used in certain electro-
magnetic meters. Owing to its low coercivity the 36 per cent. nickel alloy, “Invar,” referred to later,
is employed in certain relays where a high speed of making and breaking is required.

No satisfactory explanation of the exceptional magnetic properties of the 80 per cent: nickel alloys
has yet been put forward. There is no obvious connection between the properties and the position of
the alloys in the equilibrium diagram. It is perhaps significant that the magnetostriction effect (i.e.,
the change of length of a magnetic material when placed in a magnetic field) is positive for iron,
negative for nickel but zero at about the above composition.17 Jn the present state of our knowledge
of magnetic phenomena, however, one hesitates to put forward even a tentative explanation. As has
been previously mentioned, the actual need for the quenching treatment is also obscure. It appears
that it is necessary to cross the line MNO (Fig. 1), before cooling, but as this involves no change of
phase the reason for this is not at present obvious.



Dilatational Properties.

In 1896, Guillaume,18 searching for a suitable material for length standards, found that the 
expansion of a bar of nickel steel, containing about 30 per cent. nickel, was about two-thirds that
of platinum, which has a coefficient of only 9x10-6 This led him to undertake an investigation of the
dilatation on properties of a large number of nickel alloys of varying nickel content, and he found
that as the percentage of nickel increased from 30 per cent. To about 36 per cent. the coefficient of
expansion at room temperatures fell to a minimum value, which rose again as the nickel content
increased beyond this amount. Thus, were made available a series of alloys whose coefficients of
expansion vary from about 1x10-6 to about 20 x 10-6 per degree centigrade. (See Fig. 4).
  

The generic name “Invar” was given to the alloys possessing expansibilities in the neighbourhood
of the minimum value.

The utility of these alloys will at once be obvious. “Invar” itself has been extensively employed for
the making of standard lengths, and for tapes, etc., employed in survey work. It has also been used
in  horology,  its  low coefficient  of  expansion  making  possible  a  compensated  clock  pendulum
without  the  use  of  mercury,  while  it  has  also  been  employed  for  torsion  pendulums  and  in
chronometer balance wheels. Its future use promises to be considerable in the direction of cutting
down  to  any  required  degree  the  total  expansion  of  machinery  parts  which  work  at  high
temperatures.

Thus, in order to equalise the expansions of two members which move relative to one another, it is
only necessary to introduce into the longer, or the more expansible, the requisite length of “Invar.”
This has actually been done in the case of parts of certain internal combustion engines to equalise
the  dilatation  of  steel  and the  more  expansible  aluminium alloys.  The alloy  in  the  “as  rolled”
condition has an Ultimate Strength of 35-38 tons per sq. inch, with an Elongation per cent. of 40-45,
and percentage Reduction of Area of 60-65, so that its introduction does not reduce mechanical
strength excessively.

A number  of  attempts  have  been  made  to  give  a  reason  for  the  low  expansivity  of  “Invar.”
Chevenard,10 continuing the work of Guillaume and Dumas, came to the conclusion in 1914 that the
irregularity in the dilatation curve which gives rise to the properties of “Invar” at room temperature
were  due  to  transformations  taking  place  in  the  compound Fe2Ni in  solution.  He ascribed  the
reversible transformation in the alloys containing 30-66 per cent. Nickel, indicated in Fig. 1 by the
line MN, to a change in this compound. The magnetic change, according to him, is accompanied on
heating by a contraction of volume which decreases in amount as 66 per cent. nickel is approached.
In the case of “Invar” this contraction is going on at room temperature, and therefore practically
wipes  out  the  ordinary  thermal  expansion.  Very  little  real  evidence  for  the  existence  of  this
compound has been found, while it is not yet certain whether a solid solution of an intermetallic
compound as such is possible.



Honda  and  Takagit19 disagreed  with  Chevenard’s  explanation,  expressing  their  belief  that  the
irreversibility of the alloys did not terminate at 30-35 per cent. nickel, but probably extended to
about  70  per  cent.  nickel.  They  attributed  the  low expansivity  of  “Invar”  to  the  effect  of  the
contraction accompanying the α - γ change A3. It now seems certain, however, that no  α material
(body-centred lattice) exists above room temperature when more than about 30 per cent. nickel is
present, so that this theory would appear to fail.

More recently Benedicks and Sederholm20 have claimed to have proved that “Invar” does contain
two phases, which they say they have been able to observe under the microscope at  very high
magnifications. The change of one into the other on heating explains, according to them, the low
expansion  effects.  Their  published  photomicrographs,  however,  are  not  very  convincing,  and
although attempts have been made, their work has not been confirmed.

(It is of interest to note, however, that in the case of the transformation at about 470°C. in the β
brasses which appears similar to this one, and concerning which a similar difference of opinion
exists, a microstructure not unlike that shown by Benedicks and Sederholm has been developed by
Andrew and Hay.21)

There is, therefore, no perfectly satisfactory reason for the properties of “Invar” and its neighbours
in the nickel-iron system. The solution would again appear to depend on a discovery of what the
nature of the transformation along line MNO (Fig. 2) really is. If, as is believed, this is analogous to
the  magnetic  transformation  in  pure  iron  it  is  conceivable  that  the  change  may  extend over  a
considerable  range of  temperature  and be  accompanied  throughout  that  range  by  a  dilatational
effect.  This  indeed  seems  probable  from  the  curves  shown  by  Chevenard  for  the  various
compositions. The evidence of this latter worker that similar transformations exist in other solid
solutions would seem to show that in these cases, as well as the present one, changes of an entirely
new type are being dealt with. As mentioned previously, since no change of lattice form takes place,
it  would  appear  that  what  is  observed  is  the  result  of  some  rearrangement  within  the  atoms
themselves which, however, does not necessitate a change of lattice or the appearance of a new
micro-constituent.  Any  explanation  must  certainly  cover  not  only  “Invar”  itself,  but  also  the
neighbouring alloys of varying coefficients of expansion.

From the expansion point of view, it is the alloys containing higher nickel contents than 36 per cent.
that are at present finding the most extended use. As mentioned above and as can be seen from Fig.
4, material of any desired coefficient of expansion, within certain limits, can be obtained. Thus, in
electric lamp and wireless valve manufacture considerable use is made of the alloys containing
about 48 per cent. and 40 per cent. nickel. The former has a coefficient of expansion very similar to
that  of  lead  or  soda  glass,  and  therefore  glass  to  metal  joints  can  be  made  without  elaborate
precautions being taken in design to avoid strains. Either external or internal joints can be effected,
but for large diameters, such as in the case of high-power glass-metal valves, the external type (i.e.,
glass outside) is preferred. Usually, the alloy is coated with a thin “flash” of copper as it is found
that the adhesion in the joint is thus improved.

In the case of the leading-in wires of electric lamps and small valves the nickel-iron alloys alone
have too high an electrical resistance to be suitable. The lower nickel content alloy (about 40 per
cent. nickel) is therefore used and is coated with a substantial layer of copper amounting to some 20
per cent. of the cross section. The overall expansion of the composite wire is then of the right order,
and the copper provides the necessary conductivity as well as the basis of the glass-metal seal. The
wires in these two latter cases continue into the lamp or valve, being connected with the internal
fittings either by crushing into contact (in the case of tungsten filaments) or by spot welding (in the
case of the nickel anodes or grids of valves).



Other compositions which might be mentioned in connection with change of length are the 46 per
cent. alloy, sometimes known as “Platinite,” which has a coefficient of expansion equal to that of
Platinum, and the 56 per cent. alloy, which has the same expansivity as steel, but which is more
stable  and  less  liable  to  corrosion.  The  latter  alloy  is  sometimes  used  in  industrial  measuring
machines to avoid temperature corrections in testing the dimensions of steel gauges and machine
parts.

Continuing his work on these alloys, Guillaume was able to show that the temperature coefficient of
the modulus of elasticity was comparatively small in the case of the 29 per cent. and 45 per cent.
alloys. The coefficient was, however, very sensitive to slight variations of nickel content, and still
further investigation indicated that if 12 per cent. of chromium was added to the 36 per cent. nickel
alloy, a material was obtained of which the elasticity modulus did not vary between 0° and 40°C.
and whose properties were not so sensitive to very slight composition variations. This alloy, under
the  name of  “Elinvar,’’ is  finding an  extending  use  as  hair  springs  in  various  accurate  timing
mechanisms.22

Mechanical Properties.

The beneficial effects of small quantities of nickel on the hardening properties of steel and on the
mechanical properties after tempering are now well-known. Some idea of the mechanism by which
the improvement is brought about has also been obtained. The valuable characteristics of steel are
due to its existence in two forms α and γ, the former of which is stable at ordinary temperatures and
does not dissolve carbon, while the latter is stable at high temperatures and dissolves carbon. If a
solid solution of carbon in γ iron existing at a high temperature is cooled, the γ - α change will take
place at some temperature below 690°C., the position of the transformation depending principally
on  the  rate  of  cooling.  If  this  position  is  above  about  550°C.,  the  carbon  will  not  only  be
precipitated from solution, but will be able to diffuse together, giving the well-known constituents
pearlite, sorbite or troostite depending on the position of the change and the rate at which it is
traversed. If the transformation takes place below about 350°C., although the carbon is presumably
thrown out  of solution,  it  is  unable to diffuse and remains distributed comparatively uniformly
throughout  the steel  in  the hard constituent  known as  martensite.  It  is  the aim of a  quenching
treatment to make the transformation take place below 350°C. either because hardness is required,
or, more often, because the uniform distribution of carbon allows of the formation of a structure on
tempering which has been found to give the best combination of, mechanical properties.

The addition of nickel to the steel has two effects on the quenching operation, namely, the lowering
of  the  temperature  at  which,  for  a  given rate  of  cooling,  the  transformation  takes  place  and a
slowing action on the rate of diffusion of the carbon during the change. The combination of the two
effects results in the more easy displacement of the change point to a low temperature. Further,
whether the transformation takes place above 550°C. or not, the structure formed is much finer. The
practical results are that for a definite rate of cooling, such as oil or water quenching, a much larger
piece of steel can be hardened right through, or alternatively, for two pieces of steel of similar size
that containing nickel can be cooled more slowly for the same degree of hardening.

The addition of very small  quantities of other  metals,  e.g.,  0.5 -  1.0 per  cent.  of chromium or
molybdenum, enhances the above effects considerably, and very large masses of steels containing
nickel, and one of these can be hardened right through by quenching in oil.

Besides the beneficial effect of nickel on the result of quenching and tempering operations, it has a
toughening effect on the iron in which it is dissolved. The total result of its addition to a carbon
steel is therefore to raise the ultimate strength obtained after a given treatment without impairing the
other properties, or alternatively to give a higher yield point and impact figure for any stipulated



maximum strength. These two effects are illustrated in the Tables I. and II., taken from Brearley’s
book on The case-hardening of Steel.

Nickel steels are much used in case-hardening work because they give a tougher core than do the
plain carbon steels. In addition, it has long been realised to some extent that the use of nickel steel
might obviate some of the heat treatment necessary for case-hardening steels after the carburising
operation. Some work recently completed by one of my colleagues has shown that, as long as 3 per
cent. or more nickel is present, one quench only, from about 760°C. will give a perfectly fibrous
core as well as a suitably hardened case. This means that the quenching treatment from 950°C.
usual with plain carbon steels, with its attendant risk of cracking and distortion, can be avoided and
the saving in fuel, time, labour and rejects is such that it as economical to use the more expensive
nickel  steel  as  the  carbon  steel,  while  the  added quality  of  the  former  material  is  obtained  in
addition.

Besides the steels containing less than 5 per cent. of nickel, those containing more than 20 per cent.
are much used for special purposes. The alloys containing 20-—30 per cent. may be easily obtained
in  the  non-magnetic  condition  and  are  used  where  this  property  combined  with  strength  and
toughness is required. The high nickel steels, especially when some chromium is present, retain
their strength well at high temperatures. The figures in Table III. were given recently by Henshaw23

for a number of different materials and show the advantage of a nickel-chromium steel containing
about 20 per cent. nickel and 11 per cent. Chromium. This property, together with the resistance to
oxidation  at  high  temperatures  and the  fact  that,  being  austenitic,  steels  of  this  type  show no
irregularities in expansion and contraction, have resulted in their being used in aeroplane and other
internal combustion engines for valve parts which have to work at temperatures of 700° - 900°C.

In  addition  to  the  fact  that  steels  containing  nickel  have  outstanding  mechanical  properties  at
ordinary  and  elevated  temperatures,  nickel-iron  alloys  containing  above  50  per  cent.  of  nickel
exhibit  exceptional  strength  and toughness  at  temperatures  below normal.24 Ordinary  steels  are
extremely  brittle  at  very  low  temperatures,  but  the  above  ferro-nickels,  even  at  liquid  air
temperatures ( -190°C.) have tensile strengths up to 50 tons per sq. in., with elastic limits of 25 tons



per sq. in., elongations of 40 per cent., and reduction of area 55 per cent., together with high impact
values. They are therefore used in commercial liquid air plants and elsewhere where strength at low
temperatures are required.

Anti-corrosion Properties.
 
As early as 1820, Stodart and Faraday1 in their work on the synthesis of meteoric irons observed
that alloys of iron and nickel were resistant to atmospheric corrosion. All the alloys containing
above 25 per cent. nickel are practically unaffected by a damp atmosphere, the resistance to this as
well as fresh and sea water increasing with nickel content.

The anti-corrosion properties of the nickel-iron combination are best brought out, however, when
chromium is also present. It is, of course, well known that alloys of chromium and iron alone have
valuable properties of this kind, but the resistance to corrosion is only well marked in the case of
certain corrosive agents. They are comparatively rapidly attacked by hydrochloric and sulphuric
acids, while they are also corroded by certain organic acids and solutions of some inorganic salts.
The addition of nickel considerably increases the resistance to hydrochloric and sulphuric acids,
while nitric is without effect even at high temperatures25. The alloys are also resistant to phosphoric,
acetic, citric, formic, oxalic, and tartaric acid and to aqueous solutions of such salts as ammonium
sulphate, alum, potassium sulphate and sodium sulphate.

The compositions of the alloys most generally used at present vary between 15 and 20 per cent.
chromium, 7 and 11 per cent. nickel, the remainder being iron. They are therefore entirely austenitic
in structure and cannot be hardened except by cold work.  Where it  is  desired to cold press or
otherwise  cold  work  them excessively  it  is  an  advantage  to  increase  the  nickel  content.  Their
mechanical properties compare favourably with those of ordinary “stainless steel.”

Increasing the nickel content of these nickel-iron-chromium alloys to above 25 per cent. results in
materials extremely resistant to oxidation at high temperatures. The employment of these for aero-
engine valves has already been cited and other  uses for the alloys containing 35 per cent.  and
upwards  of  nickel  are  recuperator  tubes,  plates  for  furnace  floors,  pyrometer  tubes,  etc.  With



increase of nickel and decrease of iron the pure nickel-chromium alloys are approached, these latter
being the strongest and most oxidation resistant alloys yet available for high temperature work.

Additions of other metals to the above alloys increase corrosion resistance in certain directions, and
Rohn26 has recently stated that the best all round anti-corrosion properties were given by an alloy of
nickel, iron, chromium and molybdenum.

To sum up, among the nickel iron and related alloys are found materials of the highest magnetic
permeability, alloys having the lowest and various other useful coefficients of expansion, steels of
the best mechanical properties at ordinary, elevated and low temperatures, and some of the most
useful resistors to corrosion of all types that have been commercially produced. The investigation of
their properties is as yet in its very early stages, and in certain directions knowledge of the reasons
for their known characteristics is still  meagre. With the continuance of research and increase of
understanding of their qualities it may be justifiably expected that even improved properties may be
discovered which will still further increase the usefulness of this most interesting series of alloys.
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PRODUCTION AND PROPERTIES OF MAGNESIUM ALLOY CASTINGS.

 E. Player, Esq. (Coventry)

(Paper presented to the Coordinated Societies,13th December 1928, in the Engineers’ Club,
Birmingham.)

Introduction.

In recent years, several interesting and excellent papers have been read before various Societies,
dealing with Magnesium and its alloys. So far as the Author is aware, however, none of these
papers has dealt with the practical side of the manufacture of magnesium alloy castings in any
detail.

It is in the belief that a description of the practical processes involved in the manufacture of such
castings will be at least as interesting as a purely metallurgical thesis, that this paper is presented.

There still exists an impression that magnesium alloys, interesting though they are, yet remain in the
experimental stage, and that their commercial production and application is some distance ahead.

It is hoped that this paper will show to engineers and metallurgists that this idea is erroneous.

It will be seen from the data to be given and the examples quoted that the production of magnesium
alloys in all forms is now on a strictly commercial scale of quantity, technical excellence, and cost,
thus offering the engineer a new material possessing many desirable qualities.

It  is  proposed to  confine  this  paper  mainly  to  the  manufacture,  properties  and applications  of
magnesium alloy castings, as obviously any attempt to deal with forgings, sheet, extrusions and the
like demands too great a time and space.

It  should be stated that  all  the data  quoted refer  to the alloys  known under the trade name of
‘‘Elektron,’’ magnesium being the base of these alloys, and this name will be used for the sake of
convenience.

The Author is indebted to the I. G. Farbenindustrie Aktiengesellschaft, Frankfurt A. Main, and to
Sterling Metals, Ltd., Coventry, for permission to publish much of the information given, and it may
here be mentioned that the first named concern has not only pioneered the production of magnesium
on a large scale but has also developed the special technique which has made the manufacture of
sound Elektron castings a commercial success.

History.

Magnesium was first isolated by Sir Humphrey Davy in 1808, and in the long period which has
since  elapsed,  it  may  be  said  that  no  appreciable  progress  toward  commercial  production  and
application was made till well on in the present century.

Outside the laboratory, magnesium chiefly existed as photographer’s flash powder and ribbon, and
this fact has unfortunately created the general impression that magnesium is dangerous to use as an
engineering  material  on  account  of  its  inflammability.  The  conception  is,  of  course,  entirely  a
mistaken one.



About 1907, the then Griesheim Elektron (now part of I.G.F.A-G.) began seriously to attempt the
commercial  production of magnesium metal,  using as raw material  MgCl2 which was largely a
waste by-product arising from the extraction of potassium salts from the Stassfurt beds in Germany.
The process which was eventually successfully developed is briefly outlined below and brings this
short historical note up to the present day.

Production of Magnesium.

Magnesium is largely produced by the electrolysis of MgCl2, the complete electrolyte consisting of
this compound mixed with KCl or NaCl.

The mineral carnallite, found in the Stassfurt beds, has been the chief source of supply hitherto.
This is a double chloride of Mg. and K, with the formula MgCl2KCl 6 H2O. Before charging into
the cells, the carnallite must be dehydrated, after which the finely powdered mineral is put into an
iron pot, which forms the cathode. Carbon anodes are usually employed.

The mixture of chlorides is fused and simultaneously electrolyzed by the current passed through it,
chlorine being developed at the anode and magnesium discharged at the cathode The necessity of
disposing of the liberated chlorine harmlessly and the cost of dehydrating the carnallite have led to
the development of a process using the oxide or carbonate as a base, these minerals being widely
distributed.

Where the carbonate is employed, it is first calcined to reduce to the oxide. This is then mixed with
powdered fluorides, such as CaF2 which on being fused by the current in the cell dissolve the MgO
and thus form a fluid electrolyte.

An iron pot forms both container and cathode, and a carbon anode is used. Oxygen is liberated at
the anode and burns to form CO2 at the surface of the bath. Magnesium is deposited at the cathode
and is removed from time to time in a manner similar to that employed in the aluminium reduction
cell.

The metal thus produced may be contaminated by up to 10% of electrolyte which is removed by
remelting under a Suitable flux. The oxide process has the following advantages:

1. The minerals used, MgCO3 and MgO are widely distributed in workable quantities and are cheap.
2. No dangerous gases are evolved at the anode.
3. The process is continuous.

The resultant metal is of a high degree of purity generally well over 99% pure.

Chemical Properties.

The outstanding characteristic of Magnesium is its strong affinity at high temperatures for oxygen,
and this one fact is responsible for most of the difficulties encountered in the reduction of the metal
from its compounds, in manipulating its alloys in the furnace, forge and foundry mould, and in
using the alloys for any wide range of engineering purposes. The means whereby these difficulties
have been overcome constitute, in the author’s opinion, the most interesting part of this paper.

Magnesium combines with atmospheric oxygen when raised to a temperature of 650°C. As this
reaction is productive of great heat, the temperature of the burning metal is raised sufficiently to
cause the formation of nitrides through the combination of magnesium with atmospheric nitrogen.
This  latter  reaction occurs  at  anything above 670°C.  approximately.  Magnesium,  in  contrast  to



Aluminium, is attacked by most acids, with the curious exception of hydrofluoric acid. On the other
hand,  it  is  practically  unaffected  by  alkalies,  not  excluding powerful  reagents  like  sodium and
potassium hydrates, whether in the form of dilute or concentrated solutions. Magnesium and its
alloys are attacked by saline solutions, such as sea water, to a greater extent than aluminium, and
this fact has led to the development of special alloys and methods of coating which have greatly
improved resistance to saltwater corrosion. 

On exposure to ordinary atmospheric conditions, magnesium alloys become quickly coated with an
oxide film which then acts as a protection against further attack. This characteristic is similar to that
displayed by Aluminium.

At sufficiently high temperatures, magnesium will attack silica and form Mg2Si. It will be at once
seen that this constituted an early problem which had to be solved before satisfactory sand castings
could be produced. As magnesium also decomposes water rapidly at temperatures at or above its
melting point (651°C.) it will be appreciated that means had to be devised whereby, in pouring sand
moulded castings, reaction could be inhibited between the molten magnesium and the free moisture
and/or the water of hydration in the clay bond of the moulding sand.

Magnesium is unaffected by petrol, paraffin or lubricating oils provided they are free from water
and acids. The metal does not combine with sulphur either in the fused or solid condition, in this
respect having an advantage over many other metals in common use.

It is now generally recognised that the corrosion of alloys is very frequently caused wholly or partly
by electrolysis set up under suitable conditions between two of the metal constituents of the alloy,
and this is confirmed by the undoubted fact that a chemically pure metal will nearly always exhibit
a far greater resistance to a corrosive reagent than any of its alloys.

If  this  is  admitted,  it  will  be obvious that,  in seeking magnesium alloy which will  possess the
greatest possible resistance to corrosion, a first step will be to select, as alloying constituents, those
metals which stand nearest to magnesium in the Electrochemical series, provided always that such
selected metals produce alloys with good working qualities and physical properties.



It  will  be  seen  from  the  table  showing  the  relative  positions  of  the  various  metals  in  the
Electrochemical series, that Magnesium is electro-positive to all the metals commonly employed in
engineering practice. Thu,s any metals which can be used to improve the physical properties of pure
magnesium will be electro negative to the matrix metal.

For reasons so obvious that they need not be detailed, the choice is really confined in practice to the
following:

With the addition of the non-metal Silicon. 

Of these eight metals, iron does not alloy with Mg, and the alloys of nickel, tin and lead, have so far
shown no very useful properties, whilst the copper alloys have serious disadvantages. Thus, the
selection narrows down to Aluminium, Manganese, Zinc and Silicon.

Magnesium forms alloys with Zinc, Aluminium and Copper which have excellent casting qualities
and physical properties.

As might  be expected from its  relative position in the Electrochemical series,  however,  copper
forms alloys which are very subject to corrosion under certain conditions commonly met with, such
as  exposure  to  damp  atmospheres,  this  arising  from  the  galvanic  action  set  up  between  the
magnesium and the copper. For this reason, copper does not form a principal constituent of any of
the Elektron alloys. Aluminium and Zinc, however, as will be appreciated from what has been said,
form binary and ternary alloys with magnesium which not only have good physical properties but
are, in addition, satisfactorily resistant to corrosion under all ordinary working conditions.

Manganese, whilst not exercising any noteworthy influence in improving the physical properties of
the alloys, has a pronounced effect in improving resistance to corrosion, and for this reason, a small
amount, generally about .30% forms an essential part of all Elektron alloys. Higher percentages do
not make observable improvement.

Alloy AS.82, composition of which is given in Table 1, contains 2% Silicon, and is susceptible to
hardening when subjected to a suitable heat treatment.



Composition of Elektron Alloys.

Table I gives details of the composition of the various Elektron alloys which are used in the
production of castings, forgings, etc.
The alloy AZG is now chiefly used for sand castings, having a somewhat higher yield point than the
older alloy AZF, whilst still giving a somewhat higher elongation than aluminium alloy L.5. V1 is
specially suitable for die castings, being less subject to hot shortness than the zinc bearing alloys. It
is also useful in the sand foundry where castings of greater hardness and rigidity are required than
can be obtained from AZG alloy, with lower elongation.

All  the  alloys  classed  as  for  forgings  are  used  for  the  production  of  stampings  and  extruded
sections, having various physical properties to suit a variety of requirements.

Physical Properties of Elektron Castings.

Strength. 

The characteristic of Elektron alloys which is of most interest to the Engineer in undoubtedly the
low specific gravity combined with good mechanical strength.

The specific gravity of Elektron averages 1.82 as against those of the usual aluminium alloys 2.83
to  3.0.  Table  II.  gives  the  approximate  specific  gravities  of  the  metals  and  alloys  commonly
employed in engineering construction.

This low specific gravity would, of course, be of little service to the engineer unless accompanied
by reasonably good strength values. In this respect, Elektron has much the same characteristics as
the usual aluminium alloys,  and Table III.  indicates the relative strength of various engincering
alloys, including Elektron.

The Mass-Strength ratio is calculated by dividing the mean of the figures given for each metal in
the ultimate strength column, by the specific gravity of the metal.

Table III
Mechanical
Properties of

Sand Castings
Tons/Sq.In.





It will be at once seen that this ratio is a valuable guide in selecting the most suitable metal for any
particular duty, and, aside from such considerations as cost, chemical properties, etc.,  it  will be
found that, generally speaking, metal is most suitable which offers the lowest total weight whilst
possessing a given standard of mechanical properties.

The figures quoted in the Tables are necessarily approximate but may be accepted as results usually
to be looked for in general engineering practice.

In the Table referring to sand castings, the results are those usually to be obtained from sand cast
test bars, correctly poured. Chill cast bars will always show results from 25% to 50% higher in
ultimate stress and elongation, both on magnesium and aluminium alloys.

The Tables showing the strength figures for the various metals used in engineering are largely self-
explanatory.

It will be noticed that the Elektron alloy AZG has, in the sand condition, physical characteristics
very similar to those of Aluminium L5 alloy, though it is, of course, approximately 40% lighter.

It is interesting to observe that only one casting alloy shows a mass-strength ratio approaching that
of Elektron AZG, this being “Y” alloy in the heat-treated condition. There are, however, as is well
known, many serious difficulties in producing large “Y” alloy sand castings that are thoroughly
sound and free from cracks, draws and pin holing. These difficulties do not exist to anything like the
same extent  in  the  case  of  elektron  and,  furthermore,  expensive  and difficult  heat  treatment  is
necessary to obtain the relatively high figures instanced for “Y” alloy.

The Elektron alloy V1 (10% Al. 90 Mg.) has stress figures very similar to those of Aluminium alloy
2L11. Shock resistance is at least equal to that of the Aluminium alloys, and liability to deformation
under stress is less than is the case with the Aluminium Silicon alloys. Rigidity is good, though not,
of course, equal to that of cast iron,

Machine Shop Practice.

All  the  magnesium  alloys  possess  excellent  machining  qualities,  in  this  respect  comparing
favourably with aluminium. The latter metal is rather difficult to handle where fine threads and
specially smooth finish are required. Magnesium alloys can be machined at considerably higher
speeds than nearly all other metals, and fine and accurate finish obtained without the necessity of
costly finishing operations. These properties are of considerable value in modern manufacturing
operations, where speed of operation usually means lower costs.

No lubricants  should  be used in  machining,  and all  trimmings  and swarf  should be  frequently
removed from machines and stored in closed metal bins to prevent deterioration through oxidation,
and also to avoid any risk of fire from carelessly thrown matches, etc.

In the event of swarf or turnings becoming ignited, water should not be used as an extinguisher. The
combustion can be smothered by liberally covering the burning swarf with dry sand.



Foundry Practice.

Melting. 

As has previously been mentioned, molten magnesium on exposure to the atmosphere rapidly forms
oxides  and  nitrides,  which  having  almost  the  same  specific  gravity  as  metal  itself,  becomes
disseminated through the bath and contaminate the metal.

Little real progress in the production of sound castings could be made until this initial difficulty was
overcome. Various methods were tried, such as melting in vacuo, under inert gas and so on. E

Magnesium chloride suggests itself as a possible flux, being in the fused condition, a solvent for the
oxides and nitrides of magnesium. Unfortunately, the use of this material alone in ordinary foundry
practice is almost impossible, as, when used alone, it is too fluid in the fused condition and may
enter the mould with the metal in pouring.

Working on this basis, however, a compound flux known as Elrasal has been evolved, which very
satisfactorily solves the melting problem of magnesium alloys. The basis of Elrasal is Magnesium
chloride, with the addition of other salts which on fusing form a viscous flux which does not readily
dissociate at high temperatures. The molten surface is kept covered with a skin of the flux till the
whole charge is melted when the temperature is raised to ensure the complete fusion of the flux.
The bath is then stirred thoroughly to bring all the metal in contact with the viscous flux, which
dissolves all entrained oxides and nitrides during the stirring process and sinks to the bottom of the
crucible. The surface of the metal is then completely covered with an additional amount of Elrasal,
which fuses and forms a tenuous covering which protects from surface oxidation.

In pouring the casting,  this  surface skin is  held back by a  skimmer,  and owing to its  inherent
tenacity, does not flow or break away and so enter the mould with the metal.

Fig. 1 shows very well the cleansing effect of this treatment on contaminated Elektron. Ingot A, the
fracture of which clearly shows the presence of a considerable amount of oxide and brown nitride,
is poured from a batch of Elektron melted without the use of any flux whatever.



Ingot B, the fracture of which is quite clean, is from the same batch of contaminated metal as Ingot
A, remelted under Elrasal.
Where the melting process described is carried out carefully, the metal losses during the melting
process should not exceed 1 to 14 per cent.

The author has proved, over a number of years of routine foundry experience, dealing with castings,
large and small,  that this process ensures absolutely clean metal being delivered to the moulds,
provided the furnaceman knows his job and exercises reasonable care.

Fig. 2 illustrates the relative position of the metal and the fused Elrasal in a pot of molten Elektron
ready for pouring.

Wrought iron or mild steel crucibles are used for melting, as magnesium does not, like aluminium,
readily alloy with iron, and the crucible is never attacked by the molten metal. Plumbago crucibles
are unsuitable, as the molten metal will attack the silicon compounds employed in the manufacture
of graphite crucibles. Cast iron crucibles can be used for small sizes, but weight limits their use in
larger  capacities.  For  very  large  melting  units,  where  cranes  are  available,  cast  steel  pots  are
suitable.

Failure of iron crucibles always occurs through scaling in the furnace, and it is therefore necessary,
as far as possible, to employ a reducing atmosphere in the furnace.

Calorised and chromium plated crucibles give a considerably longer life, but the author has found,
up to the present, that the increased cost more than outweighs the increased life.

The pouring temperature of magnesium alloys may range between 680°C. for thick section castings
to 780°C. for thin work.

A notable property of Elektron alloys is that castings thoroughly sound and free from cracks and
draws can be poured over this wide range of temperature, which certainly is not the case with most
aluminium alloys, in which cracking due to hot pouring is a great source of trouble in the foundry,
especially  on thin sections.  This  feature  is  largely  due to  the ideal  cleansing conditions  of  the
melting process, and also to the inherent characteristics of the alloys of magnesium, which are less
liable to the trouble known to the founder as ‘‘hot shortness’’ than are the usual aluminium alloys.



Another interesting feature of the magnesium alloys, when melted under the conditions outlined, is
that  resultant  castings  are  entirely  free  from that  defect  which  causes  so  much  trouble  in  the
aluminium foundry known for want of a better name, as “pin-holing’’ or “specky metal.”

These  desirable  properties  largely  offset  the  extra  care  required  in  the  melting  and  moulding
processes.

Where maximum strength is required in the casting, it is always advisable to pour at the lowest
temperature that will ensure a sound and completely run casting.

Moulding and Core-making.

From the readiness with which molten magnesium decomposes water, it will be appreciated that, in
the early stages of development, the problem of producing sound, clean castings in sand moulds
appeared almost insoluble. Magnesium poured into an ordinary greensand mould will be ejected
with a force almost amounting to an explosion, due to the great volume of hydrogen liberated from
the moisture in the mould.

The use of perfectly dried moulds appeared the natural solution, and for some years this method
was followed, with, however, indifferent results.

Prolonged drying at relatively high temperature, say, 400°C., will drive out the free moisture in the
sand, but even so, castings made in this manner show patches of surface oxidation and are dirty and
blown when broken. This is due partly to reaction with the water of hydration in the clay which
forms a small but necessary proportion of all moulding sands, and partly to reaction with air borne
moisture which inevitably fills all the pores of the mould when the latter is allowed to cool to safe
pouring temperatures.

If the mould drying temperature is raised sufficiently to drive off the water of hydration in the clay
bond, the bond of the sand is destroyed, and the mould will crumble. Apart from these serious
technical defects, the method is slow and costly.

Fig. 3 illustrates a casting poured in a thoroughly dried mould of ordinary moulding sand.

It will be seen that the surface oxidation takes place, and some of the oxide is washed into the body
of the  casting.  The wastage of  metal  due to  oxidation  by this  process  is  an additional  serious
financial loss.

Attempts were made to cast after filling the mould with a gas more or less inert to magnesium, for
instance, CO2. This also proved a failure, as the method did not prevent the mould steam from



coming in contact with the metal. Further disadvantages were the obvious difficulty of applying the
process in ordinary foundry practice, and the cost of the operation.
From the failure of this experiment the opinion was formed that it would be necessary to surround
each grain of moulding sand in the neighbourhood of the metal with a complete pellicle of some
substance, itself inert to molten magnesium, preferably with a strong affinity for oxygen, and of
such a nature that, whilst freely penetrating all the pores of the mould, it would not readily escape
and so leave the sand surface layers unprotected.

To be brief,  the desired  substance was found in sulphur,  which is  mixed,  in  small  proportions
together with a less quantity of boric acid, with ordinary moulding sand. This process is patented,
and  in  several  years’ continuous  experience  the  author  has  proved  it  uniformly  successful  in
producing  thoroughly  sound  and  clean  castings  in  every  way,  provided  ordinary  care  and
intelligence are used.

The molten metal entering the mould instantly vaporises the powdered sulphur in the surface layer
of  sand,  forming  a  protective  layer  between  the  metal  and  the  moisture  in  the  sand.  A small
proportion of the vapour probably combines with the free air in the mould to form SO2. The vapour
evolved is sufficiently fluid to penetrate the mould pores and surround each grain of sand but, being
heavy, does not escape readily, and further is constantly replenished by the gradual vaporisation of
sulphur deeper in the sand as the heat penetrates the mould.

As the casting freezes and cools off, most of the sulphur vapour condenses in the sand again, so that
there is little loss of this medium.

The moulds are cast green by this process, though it is advisable to skin dry large and important
moulds, as is the case with aluminium, to avoid risk of seaming and surface blow holes.

Fig. 4 illustrates a casting made in a green sand mould by this process, the sand being partly cut
away to show the manner in which the sulphur has been vaporised away during the process of
pouring and freezing of the metal.

From time to time the small amount of sulphur and boric acid which is driven off from the surface
of  the  mould  requires  replacing,  the  necessary  amounts  being  added  when  the  sand is  passed
through sand mixing machines of the usual type. Alternatively sulphur and boric acid may be added
only to new sand used for core making, the old cores after use being added to the mould sand and
thus replenishing the protective reagents.



The special  moulding sand preparation described,  together  with the melting process  employing
Elrasal as a protective and solvent flux, form the basis of successful production of Elektron alloy
castings as the author knows it.

In other respects, practice follows very much on aluminium foundry lines. Cores are made in sand
similar to that used for moulds, dried at a temperature not exceeding 200°F., to avoid vapourising
the sulphur. Cores should be permeable and not too hard, as for aluminium. A smaller percentage of
sulphur is needed in core sand, as most of the sand moisture is removed in drying the cores.

Chills are required on heavy bosses and increased sections where direct feeding is not practicable,
and these may be either in brass, aluminium with 5% iron, copper or magnesium, or in cast iron,

It  is  specially  important  to  give chills  a  surface  dressing  of  such a  nature  to  prevent  moisture
condensing on them, otherwise blow-holes and oxide inclusions will be formed when the metal
comes into contact with a moist chill.  Experience has shown that a mixture of fine graphite in
methylated spirits give good results. The graphite should contain not less than 85% carbon, and the
mixture should be sprayed on to the chills. If brushed on, the surface pores and_irregularities of the
chills are not filled up, but only coated with the mixture, and blowing may take place.

Wherever  possible,  Elektron castings should be poured from the bottom, tranquil  filling of the
mould being most important.

Both aluminium and magnesium have a highly tenacious oxide skin when in the molten state, and
air bubbles entrapped through undue agitation of the metal when pouring are frequently unable to
break through the film of oxide surrounding them and remain in the metal. For the same reason, the
crucible should be held as near as possible to the runner bush when pouring, and the latter kept full
until the pouring is finished, to avoid air being sucked into the mould with the metal.

When this is done, the metal actually flows through a stationary, though flexible, tube of oxide skin,
so that the Elektron enters the mould in complete isolation from the atmosphere, and consequently
free from oxidation.

Heavy  sections  require  adequate  feeders,  and,  when  unusually  massive  in  relation  to  the
adjacent parts of the casting, require well chilling in addition.

Trimming.

In trimming or fettling Elektron castings, the practice usual in aluminium foundries is followed,
with the exception that it is not advisable to use emery wheels for grinding purposes, as the fine
metallic dust given off by these may quite ignite if lights are carelessly handled in the immediate
vicinity.

Bandsaws are used for removing the runners and risers, the finishing being carried out by pneumatic
or hand chisels, and files.

Protection against Corrosion.

Very considerable protection against corrosion is secured by subjecting the castings to a dipping
process in a bath of dilute nitric acid with a proportion of potassium bichromate in solution. This
has the effect of removing the film of iron and iron oxide which the skin of the casting acquires
from contact with the moulding sand, and replaces it with a golden coloured skin, which is very
resistant to all usual corrosive influences, such as damp atmospheres, etc.



If further protection is desired, the Elektron casting can be coated, when ready for assembly in the
structure of which it forms a part, with any good enamel, those with a cellulose base having been
found particularly good both in adhesive qualities and indifference to external chemical influence.

 Die Castings.

Elektron alloys are now employed in the production of die castings and also, to a lesser degree, of
permanent mould castings.

Where aluminium is used for this purpose, there is always the difficulty caused by the erosive effect
of the aluminium on the steel of the die, due to the tendency to form an alloy of iron and aluminium,
which tendency is aggravated by the high speed and pressure at which the metal enters the die. This
action necessitates frequent renewal of die parts to maintain the die in working order and retain the
original accuracy of the castings.

Elektron alloys are peculiarly suitable for use in the manufacture of pressure die castings, owing to
the fact that magnesium does not alloy to any appreciable degree with iron. It is thus possible to
produce castings of great accuracy in large numbers from one die, and where large quantities of one
design are required,  considerable economies can be made, as it  is usually possible to eliminate
entirely many machining operations which would otherwise be required.

Fig. 5 shows a variety of castings made by this process, including vacuum cleaner parts, bearing
caps for petrol motor crankshafts, binocular casings, etc.

An unusually high pressure is used in the special machines designed for Elektron pressure casting,
making it possible to produce relatively difficult and thin casting sections; down to 1 mm thick
being possible on suitable designs.

The  production  of  gravity  die  castings  is  as  yet  in  its  infancy,  as  there  are  several  technical
difficulties still to be overcome.

It is obviously impossible to employ in a metal mould the same protection against oxidation as is
obtained by the sand moulding process already described, and thus, up to the present, permanent
mould castings are frequently defective owing to oxide skin inclusions formed as the metal enters
the mould, especially where thin sections occur. Progress is being made, however, and it is quite
probable  that  Elektron  castings  made  in  permanent  moulds  will  be  obtainable  as  readily  as
aluminium die castings are to-day, and equally as sound.



Application of Elektron Castings.

A study of the Table of mass-strength ratios will at once indicate that Elektron can be employed
with advantage in many engineering structures.

The very existence of modern civilisation largely depends on the products of the engineer.  All
kinetic machinery consumes power and is liable to frictional wear in the moving parts. If, therefore,
the weight of such parts can be substantially reduced without sacrifice of the required strength and
rigidity, it is apparent that there will be a reduction in the power consumption of the machine, due to
the lowering of the inertia losses and reduced friction losses. This is more particularly the case with
parts having intermittent or reciprocating motion.

In the design and construction of mechanically propelled road vehicles and aircraft, the necessity
for a high power-weight ratio has, of course, always been recognised, with the result that aluminium
alloys play a large part in their construction.

In the field of general engineering, however, the author is of opinion that this point had not received
the attention it deserves, and there are doubtless many types of machines where light alloys such as
Elektron  could  be  employed  with  considerable  advantage,  resulting  in  lower  running  and
maintenance costs, and higher working speeds.

Naturally questions of cost, suitability of such light alloy to the chemical and physical conditions
under which it must work, must all be taken into account, but it is highly probable that in many
instances  the  financial  gain  arising  from  lower  power  consumption,  less  frictional  wear,  and
increased  speeds  and  output,  would  more  than  offset  a  certain  increase  in  initial  cost  of
construction.

Such weight reductions are frequently cumulative, and therefore greater than would at first appear.
Each moving part of the machine must transmit not only the useful power, but also the considerable
surplus  power required to  overcome inertia  and friction in the correlated parts.  If  a  substantial
reduction is made in the weight of one component,  it  is obvious that the weight of those parts
connected with it can be safely reduced by employing a smaller section (and weight) than was
previously the case, as the total power required to be transmitted is lowered by the saving of inertia
and frictional losses in the light metal part, although the useful power transmitted remains the same.
Thus, if Elektron castings are used instead of iron castings for the moving parts of a machine, it is
possible to reduce the weight of these parts by at least 66%, without sacrifice of strength (see Mass-
strength Table) and a further reduction may be due to the lower power now required to overcome
inertia and frictional losses, particularly in reciprocating or intermittently moving parts.

These considerations, plus the exceptionally good machining qualities of Elektron, have already led
to the wide adoption of the alloys for a variety of engineering purposes.

First in point of quantities used is the heavy motor vehicle industry. Here dead weight must be
reduced to the safe minimum, so that the useful load may be increased, and, in some cases, the
highway authorities satisfied.

Elektron crankcases, gearboxes, and various other parts are successfully used in large quantities by
a number of manufacturers and Fig. 6 illustrates typical examples.



The reduction in unsprung weight in such vehicles is even more important, as tending to quicker
acceleration and more effective braking, longer tyre life, less road destruction, and smoother travel
of passenger vehicles.

Cast Elektron road wheels, illustrated in Fig. 7 are rapidly replacing steel wheels on the omnibuses
in one Continental capital city, after exhaustive trials. Table V. shows the weight reductions effected
by the change, with substantial advantages.

Hitherto the motor car manufacturer has in many cases adopted, where possible, cheap materials
such as cast iron with a view to lower production costs.

There is now an increasing tendency to aim at a lower dead weight for private cars, as running costs
and general maintenance expenses can be reduced where this end is attained. Also, with the higher



speeds now general on our roads, the improved braking effect consequent upon low dead weight is
a very important advantage. The extensive use of Elektron enables a substantial weight reduction to
be effected without undue cost increases.

It will be appreciated that high power weight ratio is a more important factor in any vehicle than the
simple power output of the engine, other things being equal. Thus the substitution of Elektron for
heavier materials in the construction of high grade cars has appreciably increased the power weight
ratio by reducing the dead weight, giving the effect of enhanced engine output without increased
running costs. Fig. 8 shows a group of typical car castings, comprising upper and lower crankcase
castings, dashboard, gearboxes, back axle casing.

Coming next to the aircraft field, it will be expected that Elektron has aroused considerable interest
among designers and constructors. As with all new materials there have been technical difficulties
to overcome, and a very praiseworthy caution on the part of constructors has necessitated prolonged
testing of the material under service conditions.

On the whole it may be said that results indicate that magnesium alloy castings will in the future
take  an  important  place  in  the  construction  of  engines  for  aircraft,  the  possibilities  of  weight
reduction being too attractive to be ignored.

The definite advance made in the resistance to sea water corrosion by the alloying and surface
treatments previously referred to, have greatly enhanced the usefulness of the Elektron alloys in this
field, although for purely seaplane work further improvement is required and is being sought.



Landing wheels for planes, of the type shown in Fig, 12 are also an interesting development.



Forms for moulding rubber tyres are illustrated in Fig, 13,

These have a considerable weight advantage over either cast iron or aluminium, with the additional
special qualities that Elektron is entirely unaffected by sulphur during the moulding process, and
machine up with a very smooth non-porous surface free from blow holes or pin holes.

Castings of this size and section are not easy to produce in any other metal with that high degree of
finish and soundness that is requisite in such a process as tyre moulding.

The next group of casting illustrated in Figs. 14a, 14b and 14c, includes pistons for high-speed air
compressors,  where  the  lowest  possible  reciprocating  weight  is  an  essential,  wheels  for  textile
machinery, railway carriage ventilator and other parts.

Sheet Metal.

Elektron rolled sheet is finding increasing application in constructional engineering, especially in
aircraft building. This has been particularly the case since the very difficult problem of making a
satisfactory welded joint was solved.

Extremely light but sound petrol and oil tanks, spars, etc., are now being produced, and Fig. 15
illustrates an aeroplane on which the cowling, tanks, etc., are constructed of Elektron sheet with
welded joints.



The sheet can be worked to most shapes, but where pressed in deep forms, the work must be carried
out in a number of stages, and the article suitably annealed after each operation.

Disc landing wheels for aircraft and road wheels for cars also employ Elektron sheet.

Conclusion.

The author hopes that this brief survey of the present state of the technique of magnesium alloy
casting production will arouse a greater interest among engineers as to the great possibilities opened
up now that the metal is commercially available. It is not suggested that finality has been reached,
but undoubtedly there has been laid a solid technical foundation upon which future developments
can be safely built.

In concluding, the author wishes to acknowledge his indebtedness to his colleague, Mr. H. J. 
Goodwin, for his help in preparing the various photographs used.



SOLDERS.

O. F. Hudson, A.R.C.S., D.Sc.

(Lecture delivered before the Co-ordinated Societies, in the Chamber of Commerce, on Thursday,
November 27th, 1930, Mr. T. G. Bamford, M.Sc., being in the chair, and some twenty-five persons
present.)

This  lecture  is  intended  to  give  some account  of  the  results  of  research  work  with  which  the
lecturer, while not himself playing any active part, has been in touch over a considerable portion of
the time during which it has been in progress. The research referred to is the British Non-Ferrous
Metals Research Association’s Research on “ Jointing of Metals,” which has been carried out in the
Research Laboratories, and with co-operation of the Director and Staff of the Research Department
of the Metropolitan-Vickers Electrical Co., Ltd., Trafford Park, by S. J. Nightingale and Alexander
Greig, assisted by G. A. Shires and the late Harold Heape.

The research, which was planned and started by Mr. Nightingale in 1922, included studies of hard
soldering or brazing, silver soldering, etc., as well as the study of soft solders and soldered joints.
The research is thus a very comprehensive one, and the present lecture deals only with one section
of it. It was hoped originally that it would have been possible for this lecture to have been given by
Mr. Nightingale himself, who was personally responsible for the earlier work, and who has recently
collected all the results on the section dealing with soft solders and soldered joints, and brought
them together in one report, which has now been made public.

This lecture is, with Mr. Nightingale’s permission, based on his report, and is largely extracted from
it, for which the author desires to make full and grateful acknowledgement.

I. Soft Solder Alloys.

The alloys used as soft solders are essentially lead-tin alloys, although to-day the majority of them
in common use have  a  small  antimony content.  The economical  and mechanical  advantage  of
antimony in solder was discovered by Mr. Capper Pass in 1850, and from 1860 onwards its use
became general.  It  was known that the presence of antimony in solder must be controlled and
limited, and that its indiscriminate use was attended with great danger to the quality of the solder,
leading in many cases to its unwarranted exclusion. It was, however, left to P.J.C. Gueterbock, of
Messrs. Capper Pass and Son, Ltd., to show that the limits of solid solubility of antimony in the
ternary  system,  lead-tin-antimony,  marked  the  extent  to  which  antimony  could  be  admitted  in
solders, and by defining those limits to define the constitution of all useful solders. The results of
Gueterbock’s research were placed at the disposal of Nightingale and his fellow investigators, and
the application of these results was of the greatest value in determining the course and scope of that
part of the Jointing of Metals Research with which we are concerned.

It will be evident from what has just been said that the constitution of all soft solder alloys can be
referred to the diagram of the ternary system, lead-tin-antimony. Before, however, we consider the
ternary diagram, it is desirable very briefly to refer to each of the binary diagrams, lead-tin, lead-
antimony, and tin-antimony.

Lead-Tin  Alloys.  That  these  alloys  form an eutectiferous  series  has  been long known,  but  the
complete and accurate equilibrium diagram which is available to-day is due to the researches of
Rosenhain and Tucker, and is too familiar to need reproduction.



Whilst  tin is  insoluble in  lead,  lead can hold up to 7% of tin in solid  solution at  the ordinary
temperature, and up to 16% at the eutectic temperature. The composition of the eutectic is 63% tin,
37% lead, and its freezing point is 183°C. The important facts to notice, from the point of view of
the solder alloys, are the composition and freezing point of the eutectic and the plastic range, the
temperature range between liquidus and solidus, of alloys on either side of the eutectic.

Lead-Antimony Alloys.  This  system is  also a  simple eutectiferous  one,  the composition  of  the
eutectic being 87 % lead and 13% antimony, and its freezing point 247°C. The two metals are
mutually almost insoluble in the solid state.

Tin-Antimony Alloys. The equilibrium diagram of this system is somewhat more complicated than
either of the preceding ones, but we are only concerned with the alloys rich in tin. The solubility of
antimony in tin is greater than in lead, being 7% at ordinary temperatures and nearly 10% at a
temperature of 243°C, Antimony in excess of these limits of solubility results in the presence of the
characteristic cuboid crystals of γ. | There is no eutectic in this series, and the presence of antimony
raises the melting point of tin a little more than 1°C. for each 1% of antimony.

Lead-Tin-Antimony Alloys. In the ternary alloys the amount of tin which is capable of being held in
solid solution decreases as the percentage of lead increases. In Fig. 1 the limits of solubility of
antimony in solders are shown by the lines OB, BZ, the line AB representing the composition of the
binary “eutectic” of the lead-tin series. The point Z represents the limit of solubility in the first (δ)
solution of tin in. antimony and corresponds to 7%. In the lead-tin eutectic the limit of solubility of



antimony is reduced to 3.3% (point B on the diagram) or 5.85% of the tin content. It will be noticed
that the direction of the line OBZ changes at the point B - the “eutectic” point. This is due to the
solubility of antimony in the system being greater where the constitution is tin-rich, a condition
obtaining in all alloys above the “eutectic” line AB. At and below the eutectic composition the
theoretical limit of solubility of antimony may be taken as 5.85% of the tin content,  i.e., varies
directly with the proportion of eutectic in the alloy. All points on the lead-rich side of the line AB
and parallel to it contain the same percentage of eutectic, On the tin-rich side, this is approximately
also  true.  Such  lines  indicate  at  the  points  of  intersection  on  OBZ the  maximum permissible
antimony  concentration.  The  corresponding  tin  content  is  given  by  the  points  of  horizontal
projection to the line OY; as, for example, β gives the tin content corresponding to the point B.

From the foregoing it is obvious, since lead is practically inert as a solvent for antimony, that the
amount of antimony held in solution by a given solder is determined by the tin content. So long as
the antimony does not exceed the limits set by the line OZ the resulting mixture is an eutectic
formed between lead and the solid solution (δ) of antimony in tin. Antimony appreciably beyond
these limits crystallises out as cubical γ crystal, as it does when in excess of δ solution of the binary
Sn-Sb alloy. Alloys containing the γ crystals are quite useless as solders.

Additions of antimony within the limits set in Fig. 1 have only a small effect on the freezing point.
The freezing point of the lead-tin eutectic is raised only 3°C. by the addition of 3.3% of antimony,
the limit of solid solubility for that composition. Antimony in excess of the limits of solid solubility
gives rise to a separate solidification point due to the separation of the cuboid crystals. 

In Table I. are given the Analyses of British Standard Soft Solders which have been graded with
respect to the eutectic line AB of Fig. 1. Grade “ A” solders consist of 91.9% eutectic plus a solution
of antimony in tin; Grades “B”, “C” and “D” consist of 82%, 65% and 49% eutectic respectively,
the balance in each case being lead.

For the purposes of the research, solders in all grades were examined, and in each the antimonial
content was varied in accordance with three Sb/Sn ratios, namely 0, 0.03 and 0.06; so that a non-
antimonial solder is compared with one containing the maximum permissible antimony and one
between these values.



The effect of antimony on the composition of solders of the same grade or percentage of “eutectic”
is important. Considering the “ eutectic ” alloys, it will be seen that the presence of antimony has
caused the tin content to fall from 63% to 56.4%, and the lead content to rise from 37% to 40.3%. A
saving of 6.6% of tin is made at the expense of 3.3% of lead. The presence of antimony therefore
conserves tin in that for every 1% of antimony added within the limits  of Fig. 1 an equivalent
amount of lead must be added, and 2% tin deducted to preserve similarity of constitution. Thus,
whatever may be its effect on the physical properties, the question of the inclusion of antimony has
at the outset an economic bias in its favour.

The Physical Properties of the Solder Alloys.
(Lead-Tin-Antimony).

Although in practice soldered joints are but lightly stressed, and that most frequently in shear, there
are applications where tensile and impact strength are important. Applications such as jointing the
end connectors of stator and rotor windings in electrical machinery, involve consideration of the
electrical resistivity of solders which, in a number of cases where the axial length of a conductor is
small and the number of joints in series great, may contribute appreciably to the resistance of the
windings as a whole. On this account, but as much because of the need for a basis for the later study
of these alloys considered as the business members in a joint, the physical properties have been
dealt with fairly comprehensively.

The test pieces for tensile tests were cast with a large shoulder radius in a cast iron mould, and the
temperatures both of the metal and of the mould were accurately controlled so that conditions might
be constant throughout.

For the shear tests a test piece of the type shown (cross hatched) in Fig. 2 was devised, in order to
reproduce the conditions obtaining in the test joints. This is a solid casting in solder from which the
shear strength of the alloys could be determined under dimensionally identical conditions with those
presented in the case of a  joint  ;  but  without  the complications  arising from alloying with the
members of the joint, flux inclusions in the solder and so forth. The method of making the test is
clear from Fig. 2, the rate of application of the load being standardised at 0.10:inch per minute.



Brinell Hardness tests were made on the tensile test piece castings.

Specimens for impact tests  were taken from bars which had been used for electrical  resistivity
measurements, test pieces for which were cast in the form of bars 1-centimetre square section and
30 centimetres long.

The test pieces of the pure metals tin and lead together with the solder alloys were made from the
highest commercial grades of metal and were poured into the moulds standing at 100°C. From a
temperature 100°C. above the melting point of the alloy, these conditions having been found, after
many trials, to give the most consistent and homogeneous castings.

Time will not permit of a detailed discussion of the results obtained in these tests, but they are
summarised in Table II.

The following general conclusions, given in Nightingale’s own words, are arrived at regarding the
physical properties of solder alloys:

The most striking fact emerging from the physical examination of the solder alloys is in direct
opposition to the view widely held that lead in solder is an idle constituent serving only to reduce
the melting point. That this view is wrong is proved by the enormous improvement in the tensile
shear strength and Brinell hardness values of tin by merely alloying with lead. Beyond this and with
reservations arising from the fact that there are gaps in composition between the tin-antimony and
Grade A alloys, and between the Grade D alloys and lead, the following deductions are made:

(1)  Of  all  the  materials  examined,  tin  gives  the  greatest  values  for  elongation  and  electrical
conductivity. Its shear strength is greater than its tensile strength.
(2) The Sn-Sb alloys have the highest impact strength and the lowest density.
(3) Tin rich alloys consisting of about 80% eutectic have the greatest tensile strength and Brinell
hardness, and a minimum elongation.



(4) Alloys constituted of 100% eutectic have the maximum. shear strength.
(5) Lead-rich alloys having about  80% eutectic  content  show a maximum elongation and Izod
impact strength, together with a tensile and shear strength equal to 70% of the maximum for any
solder alloy. Alloys in this region exhibit a remarkable stability in mechanical properties extending
over the range of constitution for Grades B and C.
(6) Lead gives the lowest values for tensile strength, shear strength, lzod Impact strength, Brinell
hardness and electrical conductivity, and the greatest value for density. The shear strength of lead is
about the same as its tensile strength. 
(7) Additions of antimony to tin up to 6% increase the tensile strength and shear strength,  and
decrease  the  elongation,  density  and  electrical  conductivity.  These  effects  are  in  general  more
marked with the initial additions.
(8) The presence of antimony in tin-lead alloys raises the tensile strength, shear strength, Brinell
hardness and density, the effects being nearly as pronounced with small quantities as with large ;
maxima being reached about the limit of solubility of antimony. The elongation, impact strength
and electrical conductivity are lowered by the presence of antimony. This decrease is more marked
with small additions in the case of elongation and conductivity, the elongation undergoing a further
decrease after the antimony solubility limit is passed, while the conductivity reaches a minimum at
the solubility limit. On the other hand, the impact strength is not impaired by the presence of small
quantities of antimony but suffers a rapid decrease with larger quantities to and beyond the limit of
solubility. With the exception of impact strength all the effects mentioned in this paragraph become
less pronounced as the lead content of the alloys increases. 
(9)  Alloys  whose composition  is  about  70% tin  and 4.5%,  antimony show the  greatest  tensile
strength, shear strength and Brinell hardness, and the lowest elongation.
(10) An alloy of 46% tin and 54% lead gives nearly as good elongation as pure tin with much less
reduction in area.
(11) Alloys from 45 - 60% tin, 0 - 2% antimony, have the best impact strength among the lead-tin-
antimony alloys.
(12) The influence of antimony on the density of these alloys is negligible, while lead exerts less
influence than might be expected at the ordinary compositions used for solders.
(13) The addition of both antimony and lead to tin lowers the electrical conductivity; this is more
marked with compositions on the lead side of the eutectic. 
(14) Apart from the pure metals, the tensile strength is greater in all cases than the shear strength.
(15) In general, where impact strength is of major importance antimony should not be present in
quantities exceeding 3% of the tin content. In all other cases antimony has the effect of improving
the mechanical properties of solders so long as the limit of solid solubility in tin is not exceeded.
From  the  economic  point  of  view,  therefore,  if  antimony  is  present  at  all  it  is,  with  certain
reservations, an advantage to include it up to the limit of solid solubility and by so doing save twice
its weight of the more expensive metal - tin.

The Strength of Soldered Joints.

Shear Strength.

In most cases soldered joints exist in practice in a state of shear stress, and this was taken as the
criterion of mechanical strength.

The testing of ordinary single lap or double lap joints is attended with many difficulties. A plug and
ring joint was therefore adopted as the standard. The diameter of the plug was 2 inches, and the
outside diameter of ring was 3 inches. Both members were made 1 inch long and axially disposed
so as to  make a joint  between plug and ring  ¼-inch long.  The spacing of the joint was easily
adjustable by machining the bore of the ring suitably. Joints were made with copper, brass (60/40)
and mild steel.



The joints were made under conditions as closely standardised as possible and were tested in a
manner similar to the solder castings prepared for shear test. The actual disposition of the apparatus
is shown in Fig. 3, and the rate of loading was .1 inch per minute.

Results of the Tests: The variable factors upon which the strength of soldered joints depends are
many, and in no case was their effect on the strength of joints accurately known. In these tests the
attempt was made to isolate the following factors end measure their precise effect upon the shear
strength of joints:

The time of contact between the joint members and the molten solder.
The soldering temperature.
The thickness of the joint.
The constitution of the solder.
The materials of which the joint members are made.
The flux.
Elevated temperatures.

The solders studied, both antimonial and otherwise, covered the range previously investigated with
regard to the strength in the cast state.

It was found that the quantity of solder used in making joints, with a constant thickness of joint of
0.003 inch in the case of copper and brass and 0.005 inch in the case of mild steel and made at a
constant  temperature for each material,  had no effect  on the strength of  the joint  provided the
amount of solder was sufficient to fill the joint.

It was also found that the time of contact of molten solder with the joint members within the limits
of the experiments (5 - 40 minutes) had little or no influence on the strength of the joint. It would
seem established, however, that the maximum strength of the joint does not occur coincidentally
with the maximum time of contact with molten ‘solder.

Joints made between copper, brass and mild steel members made at temperatures varying between
200°C.  and  360°C.  and made with  a  spacing  of  0.003-inch show that  a  maximum strength  is
obtained at a soldering temperature of 280°C.



This optimum temperature holds not only for the different materials, but with two different solders
also. Examination of the joints after fracture indicated that those made below about 260°C. owe
their comparative weakness to flux inclusions; as is to be expected in view of the fact that the
melting point  of  zinc chloride is  260°C.,  below which it  is  relatively inoperative as a  flux.  At
temperatures  above  the  optimum  one,  the  joints,  although  well  fluxed  and  wetted,  were  not
completely  full,  the  fluidity  of  both  flux  and  solder  probably  being  such  as  to  overcome  the
capillarity of the joint and run out.

The effect of preliminary tinning was shown to be beneficial on copper and brass specimens so
treated and strictly comparable with joints made without preliminary tinning.

It is generally understood that provided the solder can be made to wet the surfaces to be joined, a
thin joint should be stronger than a thick one. In determining therefore, the effect of joint thickness,
only joints of 0.007 inch and below were made, since what is desired is minimum thickness for
maximum strength.

Using the soldering temperature 280°C. found previously to give the maximum shear strength with
joints 0.003 inch thick, a series of joints of various thicknesses was made between members of
copper,  brass and mild steel.  The results indicated that for the solder (56% tin,  44% lead) and
soldering temperature employed a maximum strength occurs with a joint 0.004 inch thick in the
case of all materials. Thinner joints exhibited flux inclusions. In order to study the relationship
existing between soldering temperature and joint thickness, joints were made between specimens of
copper, varying the joint thickness between 0.001 and 0.006 inch and temperature between 215°C.
and 500°C. The results showed that the joint thicknesses for maximum joint strength are connected
with the soldering temperature by the relation

(T—t) s=K

where T =The soldering temperature.
    T = 83°C. (eutectic of Sn-Pb alloys).
    S = joint thickness.
    K= a constant (0.34).

Whether the value K (here determined for solder containing 56% tin and 44% lead, the flux being
zinc chloride) is the same for all soft solders has not been determined. Considering that for a given
joint thickness the same soldering temperature gave the best results with two different solders and
on three different  materials,  and further,  that  on the same three materials  soldered at  the same
temperature, the best results were obtained with the same joint thickness, it would suggest that the
constant K is the same for all solders containing the tin-lead eutectic irrespective of the material
soldered. It is, however, likely that this relation is not unconnected with the flux used.

The average results of these tests are summarised in Table III. and indicate that the strongest joints
on copper have a shear strength of about 3.5 tons per square inch when soldered at 300°C. and
when the joint thickness is 0.003 inch.



Effect of Constitution of Solder on Joint Strength.

Employing  the  optimum  conditions  of  soldering  temperature  and  joint  thickness  already
determined, test joints were made from solders varying in constitution over the whole useful range
with and without additions of antimony and between members of copper, brass and mild steel. The
results are summarised in Table IV.

In all  cases, whether the solder is  antimonial or non-antimonial,  the maximum joint strength is
obtained with solders containing 70—90% eutectic (cf. maximum strength of solder alloys at 100%
eutectic). With joints in copper the antimonial solders give somewhat greater strength than non-
antimonial solders in all grades; with joints in brass the strength is practically the same in both;



while with joints in mild steel the average strengths are generally lower with antimonial solders, but
the difference is not great except when lead is present in excess of 55% by weight.

Whether antimony saturated solders are more desirable than those containing less antimony from
the point of view of strength is fairly satisfactorily answered by the results given in Table V. for the
B.S. Solder, Grade A.

The maximum advantage occurs when the antimony-tin ratio is equal to 0.0156. This solder, the
composition of which is 64% tin, 1% antimony, 35% lead, is shown to give greater strength than
either  the  antimony  saturated  solder  (Sb/Sn=0.06)  or  its  non-antimonial  equivalent.  From  the
economic point of view, however, the gain of a fraction of a ton in shear strength in a solder holding
antimony to the extent of 1.5% of the tin content over one saturated with antimony, will probably
weigh but lightly against the fact that the antimony saturated solder is appreciably cheaper.

Effect of Flux: Zinc chloride usually used as flux has a melting point of 262°C. and this may be
associated with poor results obtained at low soldering temperatures and on very thin joints when
this flux is used. On the other hand, when zine chloride and ammonium chloride together in eutectic
proportions with a melting point of 179°C. are used very much stronger joints are obtained at low
soldering temperatures and with very thin joints. The use of the eutectic flux does not alter the
maximum strength which for brass is about 2.25 tons per square inch, nor does it alter the optimum
annealing temperature; it merely permits joints made at lower temperatures more nearly to approach
the maximum strength than is the case when zinc chloride is used.

Resistance  of  Soldered Joints  to  Bending Stresses  at  Elevated Temperatures:  Where more than
ordinary strength at elevated temperatures is required the lead-tin alloys are not the most suitable
solders on account of the low melting point (183°C.) of the eutectic. Pure tin has a higher melting
point  (232°C.)  but  is  inherently  weak,  but  the  binary  alloys  of  tin  and antimony  combine  the



advantages of higher melting point and good joint strength; tin with 6% antimony gives a joint
strength of 3 tons per sq. in.

Special bending tests were made on joints heated to the desired temperature in an oil bath, using
antimonial tin, pure tin and common “50/50” solder. It was found that these joints retained half their
original strength at temperatures of 190, 164 and 150°C. respectively.

 



THE METALLURGY OF SOME OF THE RARER METALS.

C. J. Smithells, D.Sc.
 General Electric Company, Wembley.

(Report of a lecture given to the Co-ordinated Societies at the Chamber of Commerce, Birmingham,
on 17th March 1931, Mr. T. G. Bamford, M.Sc., being in the chair, and about 65 persons present.)

The development of electric lamps and thermionic valves has created a demand for metals and
alloys  with  very  special  properties.  Metals  of  unusually  high  melting  point  are  required  for
filaments - this demand is generally met by tungsten, which has the highest melting point, 3,655°K.,
of all the metals. Metals of slightly lower melting point are suitable for making filament supports,
and  the  electrodes  of  thermionic  valves,  but  they  must  also  have  good mechanical  properties.
Molybdenum, tantalum and nickel  find employment  here.  Finally,  metals  and alloys  which  are
chemically very reactive are used to attain and maintain the high vacua necessary in both lamps and
valves. Substances used in this way are known as “getters” and are so disposed in the valve that
they are able to absorb or combine with traces of any gases which may be evolved from the other
glass or metal parts of the device. Some of these metals, such as magnesium, calcium, or barium,
are volatilised as a mirror on to the glass surface, and in this form are peculiarly reactive even when
cold. Others, such as zirconium, may be attached to some part of the valve, such as the anode,
which will be hot when the valve is operating, the increased temperature augmenting their activity.
In the Research Laboratories of the General Electric Company, Limited, we have had to prepare for
experimental purposes a large number of the rare metals, and it has generally been necessary to
obtain them, or their  alloys,  in a ductile state.  Whilst  most of the metals mentioned above can
readily be prepared in a fairly pure condition, say 99 per cent., ductility is only attained by rather
elaborate processes, many of which are peculiar to the individual metal. I have selected four metals
which present the most interesting problems from the metallurgist’s point of view, all of which are
now manufactured in a very high state of purity and with mechanical properties which admit of
their being cold worked to almost any extent. The annual world’s production of ductile tungsten and
molybdenum runs into tons;  ductile  tantalum has not  yet  created such a large demand,  mainly
because of its cost; zirconium is one of the most recent converts to ductility, and the production can
be estimated in grammes, or considering this country only, probably milligrams.

Zirconium.

Metallic zirconium is highly reactive, and when heated combines directly with practically all gases
except the rare gases (argon, etc.), with the formation of hydride, oxide, nitride, carbide, etc. Traces
of any of these compounds destroy the ductility of the metal and owing to the ease with which they
are formed, the preparation of the pure metal is difficult.

Zirconium can be prepared in the form of powder by the reduction of certain of its compounds. The
oxide ZrO, can be reduced by metallic calcium, or the double fluoride K2ZrF, by sodium at a red
heat.  The product  is  a  fine black powder which,  after  washing,  can  be pressed into a  bar.  On
sintering in vacuo a coherent rod is obtained, but it is quite brittle and cannot be worked. A section
of this bar shows that it is not homogeneous metal.

Further purification of the powder can be effected by converting it into the volatile iodide Zrl4, and
decomposing this above 1,000°C., when the metal is deposited and iodine set free. This method
requires that the original powder shall be substantially pure otherwise the deposited metal may be
contaminated by gases liberated by the action of iodine as follows:



The most satisfactory metal is obtained by reduction with sodium in the following manner.
Preparation of Potassium Zirconium Fluoride. - 400 grams of ZrO2 is fused with 800 grams of acid
potassium fluoride (KF.HF) in a graphite crucible at 1,000°C., the mixture being added in small
quantities. The fused mass is poured on to an iron plate, coarsely ground, and extracted with hot
hydrofluoric acid solution. The solution is filtered into gutta-percha basins, and on cooling deposits
crystals of the double salt K2ZrF6. This salt is purified by recrystallisation from dilute HF solution.
The crystals are thoroughly dried at 110°C.

Reduction with Sodium. 

Reduction with sodium is carried out in a mild steel bomb, having a well-fitting screwed plug. The
sodium should be bought dry and not kept under naphthalene,  as the presence of hydrocarbons
results in traces of carbide being formed.

Seventy grams K2ZrF6 and thirty grams metallic sodium are tightly rammed into the bomb, and the
plug screwed in. The bomb is then placed in a gas fired injector furnace previously heated to 900°C.
and left in for about 10 minutes until it reaches this temperature. The reaction is exothermic, and the
temperature attained in the mixture is probably much higher than this. The pressure developed in
the bomb is only that due to sodium vapour, which is about one atmosphere at 800°C. The bomb is
removed from the furnace and cooled by immersing the lower part in water. When perfectly cold it
is opened. The bomb now contains a mixture of sodium and potassium fluorides, zirconium metal
powder and unchanged sodium. The contents should be treated with absolute alcohol until little free
sodium remains, then with methylated spirit, and finally washed thoroughly with distilled water.

The final product is a black powder which can be separated into two portions by simple levigation
in a beaker. The lighter and blacker particles are very finely divided zirconium, probably containing
large amounts of occluded gases. The heavier fraction consists of coarse grey particles of purer
zirconium and is suitable for the subsequent process.

Deposition of Ductile Zirconium.

Zirconium  lodide.  -  Zirconium  iodide  is  a  reddish-yellow  compound  formed  when  zirconium,
prepared as above, is heated with iodine to a temperature of 300°C. in vacuo. The iodide volatilizes
without melting at 420°C., but decomposes into its elements above 1,000°C. If the vapour of the
iodide  comes  in  contact  with  a  tungsten  filament  heated  to  1,000°C.-1,300°C.,  zirconium  is
deposited on the filament. If a suitable supply of zirconium powder at 400°-500°C. is provided, the
free iodine can combine with it, re-forming zirconium iodide, which is again decomposed by the hot
filament.  Since’ the  iodine  only  acts  as  a  carrier  in  this  cyclic  action  only  a  small  amount  is
required. The temperature of the filament must be above 1,000°C. It must not be so hot that the
vapour pressure of zirconium exceeds the dissociation pressure of the iodide at the surface of the
filament. An upper limit is also set by the fact that tungsten and zirconium form an alloy melting at
about 1,450°C. The best temperature is found to be 1,300°C.

If traces of nitrogen, hydrogen, water vapour, etc.,  are present in the apparatus the deposit will
contain nitride, hydride or oxide, and be brittle. The reaction vessel must, therefore, be well baked
and evacuated before the deposition is begun.

A suitable apparatus can be made in the form of a lamp having a hard glass bulb which can be
evacuated, and a tungsten filament about 0.04 mm. diameter. The iodine and zirconium having been
disposed in  suitable  side-tubes,  the  whole  vessel  is  placed in  an  oven at  400°-500°C.  and the



filament raised to about 1,300°C. Deposition of zirconium takes place rapidly, the thickness of the
deposit being limited only by the current carrying capacity of the lead-in wires.

(Dr. Smithells here showed slides illustrating the typical appearance of a ductile deposit and the
structure of a brittle deposit resulting from the presence of traces of air and water vapour in the
reaction vessel.)

Since the  deposit  can be made 100 or  more  times  the diameter  of  the  tungsten core,  it  is  not
generally necessary to remove the latter. Its presence does not interfere with the ductility of the
deposited rod, which can be rolled cold into sheet or strip of extreme thinness. The metal must not,
however, be annealed, since it combines directly with hydrogen, nitrogen, oxygen, etc., to form
hydride, nitride, oxide, etc. A trace of these compounds renders the metal brittle, and the highest
vacuo readily attained is insufficient to protect the metal from traces of these gases.

Tantalum.

The metal tantalum was first obtained in a ductile form by von Bolton in 1904. He showed that the
brittleness of the metal as previously prepared was due to the presence of hydrogen in the metal,
and that this could be removed by fusion in vacuo. This process of vacuum fusion is still the key to
sucessful production. The chief source of tantalum is tantalite, an iron-manganese tantalate: ((Fe
Mn)Ta2O6). Tantalum is always associated with columbium and their compounds are isomorphous.
Columbite  is  the corresponding source of  columbium, and most  ores  are  a mixture of  the two
minerals, although the proportions vary very widely. In addition to iron and manganese, the ores
also contain silica, tin, tungsten, and titanium, as well as smaller amounts of other elements.

(The  stages  in  the  extraction  of  a  pure  tantalum  salt  from  the  ore  were  shown
diagrammatically.)

Decomposition of Ore.

Tantalite  is  not  attacked  by mineral  acids  and must,  therefore,  be  decomposed by fusion  with
alkalis. A number of methods have been suggested, of which the simplest is to fuse with caustic
potash in an iron crucible.
The reaction is:

2KOH + FeTa2O6 = K2Ta2O6 + FeO  + H2O

A vigorous reaction proceeds, and the temperature is finally taken up to about 850°C. The mass is
poured on to an iron plate to cool, and then extracted with water. The iron, manganese, and titanium
are  insoluble,  the  filtered  solution  containing  potassium tantalate,  columbate,  silicate,  and  less
amounts of tungstate, etc.

From this solution tantalic acid and columbic acids can be precipitated by nitric acid. The separation
of the two metals depends on the difference in solubility of K2TaF7 and K2CbF7, the latter being
about ten times as soluble as the former. By fractionation from hydrofluoric acid solutions, and
using gutta percha basins, two fractions, one containing over 99 per cent. of tantalum and the other
over 99 per cent. of columbium, can be obtained.

Reduction with Sodium. 

Potassium tantalofluoride is readily reduced by metallic sodium in steel bombs, the procedure and
subsequent extraction being essentially the same as for zirconium previously described.



Sintering and Vacuum Fusion. 

The tantalum metal powder obtained in this way may be about 99 per cent. pure, but contains traces
of alkalis and compounds such as hydrides and nitrides formed by reaction with gases in the bomb.
The powder can be pressed into bars in steel dies and consolidated by sintering in vacuo just below
the melting point. The bars produced in this way are not ductile, although most of the impurities
present are volatilized during the sintering process. Another method
is first  to  heat  the metal  powder at  1,000°C. in  a  stream of  hydrogen.  Any alkalis  present  are
volatilized,  and the metal is converted into the hydride TaH. This compound is very similar in
appearance to the metal powder, and is a good conductor of electricity, so that it can be pressed into
bars and sintered by the passage of a current. If the sintering is done in hydrogen, the hydride is
decomposed above 1,500°C., and the final product is similar to that obtained by sintering the metal
powder in vacuo.

In both cases the product is brittle owing to the presence of about 0.1 per cent. of hydrogen, which
can only be expelled by holding the metal in the molten state in vacuo. The sintered bars must,
therefore, be subjected to fusion in vacuo, and since the melting point of tantalum is 2,770°C., this
presents some practical difficulties. The fusion is usually carried out by striking an arc between the
button of tantalum being treated (the positive pole) and another electrode (negative) of tantalum or
tungsten.  The  tantalum button  may  be  placed  in  a  magnesia  crucible  with  suitable  means  for
applying the electrical contact, or in a water-cooled copper crucible. In the latter case the thermal
contact is sufficiently poor to allow the tantalum to be melted,  but as soon as it  is  completely
molten, it makes good contact with the crucible and solidifies again.

The piece of metal is then turned over so as to give a poor thermal contact with the copper, and
remelted. On each melting, bubbles of gas can be seen to escape from the surface, violently in the
early stages, but more quietly later on. A steady change in the surface of the metal accompanies this
degassing process. When the metal contains gas the surface of the ingot is matt and dull.  As it
becomes more gas-free the crystals become larger and the surface more shiny. Finally, the ingot has
a very coarsely crystalline structure and a brilliant surface. It is then so ductile that it can easily be
rolled cold to 0.1 mm. Diameter or less. The sheet so obtained can be bent backwards and forwards,
stamped, pressed, or cupped without cracking.

Columbium,  which  can  be  prepared  from the  other  fractions  by  exactly  parallel  processes  has
properties  very  similar  to  those  of  tantalum.  Although  its  melting  point  is  only  1,950°C.,  its
production is rather more difficult owing to its much higher vapour pressure. This leads to high
losses during the arcing process. Columbium is rarer than tantalum and since its  properties are
generally rather inferior to those of tantalum, it has found no appreciable applications in industry.

Molybdenum.

The starting point for the manufacture of molybdenum is molybdenite, that is molybdenum sulphide
MoS2. This is a black, greasy mineral very like graphite. The ore is pulverised and roasted in air at
700°C. to convert it into the oxide MoO3. A solution of ammonium molybdate is then prepared by
dissolving the  oxide  in  ammonia,  and this  is  heated  with  H,S  to  eliminate  copper  and nickel.
Crystalline  ammonium  molybdate  is  then  precipitated  by  making  the  solution  just  acid  with
hydrochloric acid. The crystals are washed and dried. Reduction is carried out in two stages. The
first stage is reduction of molybdic oxide to the lower-oxide MoO2. This is effected by heating the
oxide  to  750°C.  in  closed  vessels;  the  salt  decomposes  and the  liberated  ammonia  acts  as  the
reducing agent. The product is a soft brown powder, which is then reduced to metal by heating in a
current hydrogen at 900° to 1,200°C. The metal so obtained is a greyish black powder. The actual



size of the particles is of considerable importance in determining the behaviour of the metal in the
subsequent working processes. The average particle diameter is from 1 to 2 microns.

The metal powder is pressed into bars either ¼in. or ½in. square section and about 12in. long. The
bars are then sufficiently strong to handle and are mounted between water-cooled contacts and
heated to just below the melting-point in hydrogen. Grain growth takes place during this sintering
process, and volatile impurities such as traces of alkalis are removed, any oxide being reduced by
the hydrogen.

The sintered bars, although still having a porosity of about 10 per cent. are suitable for hot working.
These bars are mainly used for the manufacture of fine wire and thin sheet,  although a certain
amount  is  used  in  the  form or  rod  up  to  ¼in.  Diameter.  As  much  as  one  million  metres  of
molybdenum wire per week is manufactured by a single factory for use as filament supports in
lamps, and grids in thermionic valves. The ingots are first swaged and then drawn hot through
diamond dies. Molybdenum is more ductile than tungsten and does not become brittle on annealing
to the same extent as tungsten. On the other hand, the maximum ductility is attained by very severe
cold work followed by a comparatively low temperature anneal.

Manufacture of Sheet.

This is illustrated by the processes used in the manufacture of molybdenum sheet.

The recrystallization temperature of molybdenum is about 1,100° to 1,000°C. depending on the
amount of work which has been done on the metal. Molybdenum swaged above this temperature is
brittle but when worked below it becomes ductile. The colder the metal is worked, the more ductile
it becomes. Sintered bar must be worked hot (above 1,000°C.) otherwise it will crack. The object is,
therefore, to start working above 1,000°C., but to drop as soon as possible to room temperature. The
tensile  strength  and hardness  fall  steadily  as  the  temperature  is  raised.  To save  the  rolls,  it  is
therefore desirable to apply some heat when the metal is thick and large reductions are necessary.

In rolling sheets or strip of any metal,  the spread is  mainly in the direction of rolling,  and no
appreciable increase in width occurs.

To obtain sheet up to 4in. wide from rod or bar only ½in. thick obviously involves rolling the bar
sideways. The diameter of the bar thus determines the length of the sheet, and the length of the bar
determines  the  width  of  the  sheet.  This  assumes  the  same  direction  of  rolling  is  maintained
throughout. It is found desirable in certain cases to change the direction of rolling about half-way
through the process. The length of the sheet is then determined by the length of the bar, and the
width by the thickness of the bar.

When the  metal  is  rolled  above 1,000°C.  it  recrystallizes  continuously  and does  not  therefore,
become harder. At lower temperatures, the metal becomes more ductile but also hardens as working
proceeds. Annealing may produce two effects :—

(a) Softening by release of strain without visible change in structure.
(b) Recrystallization.

If the metal is annealed at 1,000°C. after only slight work, the strain hardening is relieved, but the
fibrous structure remains. Fibrous sheet tends to crack when bent with the grain but will stand
bending  across  the  grain.  Annealing  at  1,000°C.  after  severe  working  produces  complete
recrystallization and eliminates, to some extent, the fibrous structure. The grains, however, remain



elongated and the sheet has distinct directional properties. It is therefore not desirable to anneal too
frequently, as this exaggerates the fibrous structure. The best results are obtained by one or two
intermediate annealings in hydrogen at 1,000°C.

Directional properties, i.e., ability to bend across the grain but not with it, are objectionable in sheet
that has to undergo severe deformation.

By rolling the sheet to 0.85 mm. thick in one direction, annealing at 1,000°C. for 10 minutes and
then continuing to roll in a direction at right angles to the previous rolling, a fine equiaxed structure
is obtained. Sheet with this structure bends equally well in any direction. The mechanical properties
of the sheets are tested by a severe cupping operation carried out cold.



THE CASTING OF TOUGH PITCH COPPER,

Mr. W. F. Brazener
I.C.I. Metals Ltd

(Paper read before the Co-ordinated Societies at the Chamber of Commerce, Birmingham, on 26th
November 1931, Mr. T. G. Bamford, M.Sc., being in the Chair, and some 90 persons present)

Copper is so well known that an introduction is almost unnecessary. Second only to iron as the most
commonly used metal, the history of copper is wrapped in antiquity. Its development from the crude
yet enduring alloys of the bronze age to the modern alloys manufactured on a scientific basis forms
an entrancing epic in the progress of world civilisation.

The earth is girdled by copper wire stranded into cable. In the air and under the ground there exist
networks of wires which under modern conditions  are  the mainsprings of commerce.  Even the
metal  merchants  in  this  country  scan  eagerly  the  latest  cabled  prices  from  America  before
speculating in the very material from which the cable is manufactured.

The  British  locomotive  with  its  firebox,  stay  rods  and  tubes  of  copper  is  an  example  of  the
importance of this metal to transport.

Schemes of electrification depend on copper more than on any other metal for their  successful
development.

To enumerate the applications of this metal for domestic purposes will take up too much time in a
paper which has as its object a description of the production of tough pitch copper castings. Added
to this it is the principal constituent of the bulk of non-ferrous alloys - the names and descriptions of
which are legion.

Tough pitch is the term applied to that class of copper which has been manufactured by the poling
process and has not been completely deoxidised. It is really a mixture of copper and the cuprous
oxide eutectic.

It is always attempted to maintain the quantity of oxygen or cuprous oxide present in the copper in
that  degree  which  will  ensure  the  metal  having  the  best  possible  mechanical  properties.  This
explains the application of the name “tough.”

Castings which contain insufficient oxygen tend to rise or spew, whilst castings which contain too
large a quantity have a sink or piping effect. Those which give the best mechanical results solidify
with a level set. This condition of solidification probably accounts for the application of the word
“pitch.”

It must be made clear at this stage that the term “copper” in this paper not only refers to pure copper
but also to the commonly used arsenical copper.

Arsenical copper behaves, from the casting point of view, in many respects similarly to pure copper,
and it is not intended to draw any line of demarcation between the casting of these two varieties of
tough pitch copper in this paper.

Now copper cannot be successfully applied to the production of any of the materials so briefly
outlined above unless the manufacturing process has a sound casting with which to commence
operations.



Competition in the copper industry to-day demands that once an ingot has entered upon its course
through the factory, the expense of inspection and removal of defects shall be reduced
to a minimum.

This brings us to the necessity for defining a sound copper casting. Theoretically one may say that
the  requisites  are  smooth  surfaces,  freedom  from  internal  cavities,  foreign  inclusions  and
laminations. The definition which must be complied with by the caster of the ingot is just this:
“That without requiring any special dressing during the process of manufacture the finished product
shall be satisfactory to the consumer.”

The final inspection of the manufactured product consists not only of an examination of the surface
with the eye to see that it is free from flaws and blemishes but generally of one or more of the
following tests:

Tensile, compression, bend, twist, wrap, bulge, etc. A guarantee of composition is also frequently
required.

In order to make this survey of the production of tough pitch copper castings as comprehensive as
possible it is proposed to describe the usual procedure adopted in refineries of this country and to
cover the cycle of operations starting from the charging of the raw material into the furnace and
finishing with the teeming or lading of the molten metal into the moulds.

This generally takes 24 hours. The operations are usually carried out in a reverberatory furnace,
which, with the tools usually employed, is illustrated in Figs. 1 and 2.
With this type of furnace most of the heat generated passes to the flue, and unless there is some
means of recuperation or regeneration this  heat  is  wasted.  Naturally  fuel  cost is  a  point  which
receives special attention. With coal the flame sweeps just under the roof and away along the flue.
Observations have shown that it is no uncommon thing in a furnace of this type for the flame to
travel between thirty and forty feet along the flues. With oil as fuel, it is possible to control the
flame length so that sufficient heat may be developed in the furnace with the tip of the flame
showing only two or three feet along the flue. The subject of fuels is,  however, too lengthy to
discuss in this paper, and so only this brief reference is made to it.



It is to be noted that some moulds are made of copper and others of iron. Ingots cast in copper
moulds usually show a much better surface than those made in iron moulds. At one time when cast
iron bases were used for large flat cake castings it was the custom to pour molten copper to a depth
of about  three-quarters of an inch to form a false bottom of copper  on which the casting was
subsequently made.  The billet  castings  produced from the iron moulds are frequently skimmed
before  being  sent  for  rolling,  extruding,  piercing  or  pressing.  In  some cases,  the  operation  of
skimming the surface does not take place until after the first stage of manufacture. The machining
of the surfaces of ingots, however, is a practice which varies considerably and depends chiefly on
the nature of the final product.

In the case of the iron moulds used for the larger sized flat cake ingots, that portion of the casting
which comes into contact with the iron forms the edge of the rolled plate. This is always sheared
and has therefore no important bearing on the properties of the finished product.

The moulds are coated with a dressing and heated before receiving the molten metal. There are
numerous dressings in use. One common feature of all is that they do not change composition at
temperatures near the melting point’ of copper.

Types of dressings are - burnt ash, magnesia, boneash, alumina, china clay, etc.; oily dressings are
not used for tough pitch copper.

With the larger moulds which rest on the copper bottoms it is necessary to form a seal to prevent the
molten metal leaking through. This is done by mixing a cement made principally of loam sand and
applying inside with a small trowel, pressing well into the joint and finishing off smoothly.

Great  care is  required  in  the  preheating of  the  moulds.  Besides  affecting  the soundness  of  the
casting, the presence of moisture may result in serious accident to the men employed.

There are different methods of heating the moulds - in some cases they are kept constantly warm in
specially heated ovens or tubs. Another method is to warm them by means of breezes with a blast of
air. The commonest way, however, is by means of stick charcoal. This last method is very effective,
if somewhat more expensive than the other methods.
Having shortly reviewed the various appliances common to a refinery, the process of metal melting
can now be proceeded with. From this point it is assumed that the furnace has been drained of its



molten metal and is ready for the next cycle of operations. The furnaceman of the gang attends to
the firebox, clinkering the grate bars and generally cleaning up. Meanwhile the side doors are taken
down and the other members of the gang are proceeding to charge the furnace with raw material.
This may take the. form of scrap copper bought specially, bessemerised bar, cathode copper, works
process scrap, etc. Small scrap such as swarf, bolt ends, short lengths. of tubes, etc., are shovelled
into the furnace. When the furnace is sufficiently full, the weight charged depending on the nature
of the material, the doors are put up and sealed round with sand. The fire is made up at intervals
until it is seen that the first charge has settled down to the bottom of the furnace. The doors are
taken down and the charging repeated. This is carried on through the night until the whole charge is
in the furnace. It is the object of the night workers to have the charge all melted by the time the day
workers arrive.

For the purpose of these considerations, it will be assumed that the metal is all melted, or to use the
refinery expression “All off the bottom” on the arrival of the day shift. This
expression “All off the bottom” will be readily understood, as in a reverberatory furnace the metal
nearest the roof is melted first and that underneath in contact with the bottom is gradually melted by
the conduction of heat from the hotter surface metal.

The lading door at the front of the furnace is first taken down and the slag is skimmed off. When
this operation is finished and the surface of the molten metal presents a mirror-like appearance, it is
necessary to determine whether the charge is clean or contaminated with sulphur dioxide or other
impurities. A few pounds of the metal are taken out in the test ladle. By watching the solidification
of  this  test,  it  is  possible  to  tell  roughly  to  what  extent  the  charge  is  contaminated  and  what
measures are the best to employ to clean up in the least time. As the test sets, black spots and streaks
appear on the surface. The centre begins to rise and eventually breaks, shooting forth semi-molten
twig-like excrescences.

The method of cleaning molten copper is  the common one of oxidising the impurities.  This is
usually done by a blast of air playing on the surface of the metal. To assist and accelerate this
process it is usual to remove one of the side doors and introduce a small pole through the lading
door. The pole when forced under the surface of the bath causes a violent ebullition and a miniature
fountain of molten copper enables the air from the blower and that induced through the side door to
come into contact with the spraying metal.



Sometimes it is considered necessary from the appearance of the test to adopt more drastic methods
of introducing oxygen into the metal. This is done by shovelling oxide of copper in the form of
copper scale through the front door of the furnace and rabbling it in. There is usually a plentiful
supply of scale in copper works, and this is one of the uses to which it may be put. During the
cleaning  operations  occasional  tests  are  taken  from the  furnace  to  follow  the  progress  of  the
operation.  The  test  which  proves  the  charge  clean  sets  without  any  marks  or  discolourations
appearing on the surface, and a depression appears in the centre of the test. The appearance of this
test signalises the end of the cleaning process. The furnace is once more skimmed, the side door
replaced, and the blower removed.

If the copper has to comply with a specification which calls for the presence of arsenic within
certain  limits,  a  first  addition  of  this  constituent  is  now made.  Usually  either  arsenious  oxide,
commonly known as white arsenic, or metallic arsenic is rabbled into the molten metal.

To ensure a proper mixing a pole is pushed into the bath for several minutes, after which a button is
taken from the furnace and sent to the laboratory for an arsenic determination. This is as a rule done
in duplicate and can be accomplished in twenty minutes to half an hour.

As soon as this button is taken the furnace is covered. “Covering a furnace” is the term employed
when  the  surface  of  the  molten  metal  is  protected  from  oxidation,  sometimes  referred  to  as
“slagging,” by the addition of charcoal, wood chips, sawdust or any similar material. The metal in
this way is also protected from contamination by furnace gases. During the cleaning operation and
the arsenic addition, the temperature of the metal in the furnace will have dropped considerably. The
waiting period during the arsenic determination is therefore usefully employed by sealing up the
furnace in order that the necessary heat may be obtained for subsequent operations.

We may now suppose that the arsenic content has been determined and that the refiner has decided
the quantity of arsenic to be added to bring the alloy within the required specification. The furnace
is once more skimmed, and a test taken to see that the metal has not become dirty during the waiting
period. This test is very important, and omission to take it will result in hours of extra work if any
contamination is not detected at this stage. The first casting made will reveal this, and cleaning
operations have then to be recommenced.

Assuming that the metal is clean, the final arsenic addition is made in similar manner to the first
addition.

During  all  these  operations  the  copper  will  have  absorbed an  excess  quantity  of  oxygen.  It  is
necessary to  reduce the surplus  oxygen in order  to  give the copper  those properties  which are
governed by the term “tough.” Copper which contains too large a quantity of oxygen will be brittle
in nature and will fail to give those mechanical tests which are demanded of it. The method adopted
for the removal of the excess of oxygen is known as poling. This operation consists of forcing a
green pole of suitable size beneath the surface of the metal. During the decomposition of the pole
the hydrocarbons and carbon produced combine with the oxygen in accordance with well-known
chemical reactions. The oxygen, by this means, is reduced to that quantity which the refiner knows
will give to the copper its best mechanical properties.

The furnace is again covered and the poling up of the metal begins. This is the stage at which the
skill of the refiner is called into play. The art of the refiner is to produce a casting which shall have a
level set. This is determined by the pitch of the copper, or to put it into scientific language the
quantity of oxygen present as the cuprous oxide eutectic in the alloy.



Soon after the poling up has commenced the refiner takes his first button for testing the pitch. This
is turned out of the spoon as soon as it has solidified, and whilst at a bright red heat it is hammered
out to a thickness of roughly one-eighth or one-tenth of an inch. It is then gripped in a vice so that
approximately one-half is exposed above the jaws and hammered over. Usually, the first test button
will break with a brick-red coloured fracture, because the pitch of the copper is too low to withstand
a cold bend. The next button taken is treated similarly and will stand bending over more than the
first button before there is a complete or partial  fracture.  These tests are carried on at frequent
intervals whilst the poling up is taking place, and finally a button is obtained which permits of a
cold bend of 180°.

If this were all that was necessary, the task would be a simple one. Different types of castings,
however,  require  differing pitches  in order  that  the resulting ingot  shall  have a  level  set.  As a
general rule it may be assumed that the longer the ingot and the smaller the cross-sectional area, the
higher the pitch has to be. To offer a concrete case, the pitch required for a billet casting 24 inches
long and 5 inches diameter would have to be higher than for a billet casting 20 inches long and 6
inches diameter.

There are, of course, exceptions to the above rule. In the case of large flat cakes, it will be readily
understood that if hand lading is the method employed for making the casting a large surface of
molten metal is exposed to the air during the time of lading, and oxygen will be readily absorbed.
To counteract this, the pitch of the copper in the furnace is brought to a higher level than the pitch
actually required in the cast  ingot,  so that the absorption of oxygen during the lading does not
produce the depression in the casting which denotes low pitch.

Perhaps it should be repeated here that the higher the pitch the lower is the oxygen content, and the
lower the pitch the higher the oxygen content of the copper.

Only experience can tell the refiner when the correct moment has arrived for the poling up to cease.
The copper may contain impurities such as lead, tin, zinc, nickel, aluminium, antimony or bismuth,
and each of these has an effect on the behaviour of the button during the mechanical tests performed
to disclose the pitch. These effects can only be distinguished after long practice in the refinery.
Should any doubt exist as to the suitability of the pitch, it is always best to have one casting made
and wait whilst this solidifies before proceeding with the rest of the charge. If the pitch is too high
the ingot will rise in the centre and perhaps spewing will take place. In this case air has to be blown
into the furnace so that the copper may absorb oxygen and the pitch be consequently lowered. If the
pitch is too low the casting will have a depression in the centre and the surface skin may break
admitting air into the cavity, or, in other words, piping will occur. These castings are useless for
sending out of the refinery for further manufacture, so that the most desirable state of affairs is for
the refiner  to  judge the  right  pitch before lading is  commenced.  Experience  has  shown that  if
arsenical copper is free from impurities good castings can be obtained
over a wider range of pitches, i.e., the oxygen content may be more varied. Most tough pitch copper
castings  have  an  oxygen  content  ranging  between  .04  per  cent.  and  .08  per  cent.  It  must  be
emphasised that in considering these figures the previous remarks with reference to impurities and
the dimensions of the castings must be taken into account.

A typical American wire bar of high conductivity, tough pitch copper will contain an average of .04
per cent. of oxygen, whereas an arsenical copper casting which has, say, .03 per cent. to .05 per
cent. of lead present as impurity will require an oxygen content of at least .10 per cent. to ensure
that the usual mechanical properties of the finished product shall be maintained.

It  will  be  seen  from  the  above  data  that  to  attempt  anything  like  a  complete  survey  of  the
peculiarities of “pitch,” considerably more than can be condensed into this paper can be written.



To proceed with the treatment of the copper in the furnace, it will be now assumed that the required
pitch has been obtained and the pole has been withdrawn from the furnace.

Skimming again takes place and a final covering of stick charcoal is shovelled into the furnace. The
metal is now ready for teeming into the moulds.

Whilst the metal has been receiving the attentions thus outlined, the moulds have been preheated
and placed as far as possible into convenient positions for receiving the molten metal.

The method adopted for teeming tough pitch copper from reverberatory furnaces in this country is
by means of hand lading. Bowl-shaped wrought iron ladles, which carry when full 40 pounds of
metal, are generally used. These are coated with a refractory wash such as fireclay, boneash, or a
mixture of graphite and fireclay, and carefully dried before use. They are then preheated and washed
in the molten metal before they are actually used for carrying the copper.

In the case of large flat castings, it is necessary to get a flow of metal to cover the bottom of the
mould almost instantaneously. This is achieved either by the use of a dip ladle or by having the
requisite number of hand-laders standing around the mould awaiting the signal to tip their ladles
simultaneously. The laders then follow in rotation as quickly as possible filling the ladles from the
furnace and transferring the metal to the mould.

There is a tendency in these large castings for a thin layer of solid metal to form on the surface
whilst lading is taking place. There are two sources of danger in this. Firstly, there is the risk of cold
sets; and secondly, gases in the copper cannot escape. If therefore the surface of the casting during
lading cannot be kept open, defects are almost certain to occur. To avoid this trouble the metal in the
first place must be sufficiently hot. A lading temperature of 1200 -1250°C may be taken as desirable
for castings in large open moulds. The ladles must not be emptied into the mould haphazardly, but
with good judgment and skill which can be acquired only by practice.

Solidification takes place rapidly along the walls of the mould and most rapidly in the corners
unless metal fresh from the furnace is kept flowing over these parts.

One of the greatest assets in the keeping open of the molten surface is the judicious application in
small quantities of pulverised phosphor copper. This has the effect not only of supplying extra local
heat as the phosphorus is liberated and burns, but also of acting as a deoxidiser thus preventing the
copper, to some extent, from losing its pitch.

With smaller castings such as billets or wedge bars the principal need is to keep a continuous stream
of metal without splashing the sides until the mould is full. If this is not done and a break occurs in
the pouring the metal will partially solidify against the wall of the mould and, when fresh metal is
poured in, there is a cold set which ultimately shows up on the finished material as a streaky spill or
lamination.

Before  proceeding  with  certain  other  considerations  in  the  production  of  sound  castings  the
following points summarise the conditions which can be controlled by the refiner : -

(1) The copper must be clean.
(2) The pitch correct.
(3) The lading temperature sufficiently high.
(4) The moulds properly dressed and preheated.
(5) The lading done with care and judgment.



If these items are adhered to castings will be produced which have smooth surfaces and are free
from foreign inclusions. They will also be free from the piping or cavities caused by incorrect pitch,
but they may not be free from gas holes.

The greatest trouble with which the manufacturers of rolled copper have to contend is the presence
of blisters. These may range from cavities which are only visible under the microscope to holes as
large as an ordinary hen’s egg. It has been assumed for many years that these are caused by gases
dissolved in the molten metal.

On solidification the gases are liberated and what may be termed local conditions, either within the
solidifying mass or from external sources, determine whether the gases shall segregate to form large
holes or be entrapped before segregation takes place. In the latter event the gas cavities will be
small and may not give rise to defects sufficiently serious to cause the rejection of the finished
material. The larger gas holes, however, create defects which must cause rejections in the process of
manufacture. Any efforts therefore which tend to throw any light on the solution of gases in copper
must be of assistance to the refiner. Certain researches have shown that the gas most commonly
found in copper in the free state is hydrogen.

Now during the poling operation, the moisture in the pole together with other gases produced as the
pole is thrust under the metal, escape with considerable force. It is known that steam passing over
molten  copper  is  decomposed  the  oxygen  combining  with  the  copper  and  the  hydrogen being
liberated,  some of  it  to  pass  into solution.  As the  steam on emanating  from the  pole  is  under
considerable  pressure,  conditions  are  decidedly  favourable  for  this  reaction  and  also  for  the
retention in solution by the copper of the hydrogen liberated,

There may be other opportunities for hydrogen to be absorbed whilst the metal is in the furnace, but
the poling operation is undoubtedly the most obvious source of this phenomenon.

A similar reaction takes place if  the moulds have not been perfectly dried before receiving the
metal. The problem for the refiner therefore is to extract the dissolved gas or to encourage its escape
during solidification so that the quantity remaining in the ingot shall be insufficient to cause any
harm during manufacture.

To expel  gases whilst  the metal  is  in the furnace presents  a lengthy and costly  operation.  One
method is to allow the bath to cool to solidification point and at the same time the surface must be
kept open till the last to allow the dissolved gases to escape and not to segregate under a solid shell.
Then the metal must be remelted. If this were a panacea for gases in solution it might on occasion.
be worth while attempting. On attaining the required temperature for lading, however, it would most
probably be found, under commercial conditions, that the copper had lost its pitch and poling up
would again be necessary. This method, although it could be accomplished on a laboratory scale,
must be ruled out as a practical solution of the difficulty.

The other alternative, i.e., facilitating the escape of the gas during solidification in the mould, is
generally resorted to. Theoretically a casting free from gas cavities should result if solidification
started at the bottom of the ingot and proceeded slowly upwards. The thought may arise that casting
in water-cooled moulds will produce-a satisfactory state of affairs. In the case of moulds designed
to give an ingot of such dimensions that the chilling effect of the water is almost instantaneous
through the cross-section there is no time for segregation, and any gases liberated can only produce
very minute cavities which, generally speaking, do not occasion any ill effects on the ingot.

The considerations are somewhat different when the cross-section is larger and does not admit of
such rapid cooling. It is quite possible that the centre of the casting may contain segregations of gas



which will produce cavities large enough to be harmful. In considering the question of water-cooled
moulds there is the necessity for rapid pouring which may not always be convenient in a refinery.

If however the cross-sectional area be such that solidification is rapid and the conveniences for
quick pouring available, then an ingot cast in a water-cooled mould should be satisfactory.

For most practical purposes in this country hand lading is resorted to, and this method of casting has
received  most  attention  and  consideration  from the  point  of  view of  the  production  of  sound
castings. [n some respects hand lading has advantages. The filling of the mould is a comparatively
slow operation: each man takes his turn and does not completely empty his ladle until the next man
has arrived.  This allows time for much of the gas to escape.  A common feature of the casting
operation is the appearance of so-called copper rain, spurting from the surface until the formation of
a solid crust over the top of the ingot.

This is caused by the escaping gases. If the metal is laded at a temperature only slightly above its
melting point, or if there is an excessive draught of cold air playing over the top of the mould the
surface of the casting will solidify rapidly. If however, the temperature of the metal be sufficiently
high and excessive draughts be avoided then the surface of the ingot remains molten for perhaps 10
or 15 seconds during which time gases will be emanating from the metal.

For normal refinery conditions therefore the points to be observed for the avoidance of gas cavities
are:

(a) That the moulds shall be perfectly dry.
(b) That pouring shall be as slow as is consistent with production of a good surface.
(c)-That the lading temperature shall be sufficiently high.
(d)  That  any  external  effects  which  will  cause  rapid  solidification  of  the  surface  shall  be

obviated as far as possible.

In conclusion, I have to express my thanks to the Management Committee of the Metal Group of
Messrs. Imperial Chemical Industries Ltd. for permission to read this paper, and particularly to Mr.
A.  J.  G.  Smout,  the  Production  Manager,  for  the  friendly  criticisms  raised.  I  have  also  to
acknowledge the help which I have received from my colleagues, Messrs. Harry Davies, Leslie
Batchelor, and Leonard Cartwright, whose assistance has been very valuable during an extremely
busy period.



NICKEL AND ITS ALLOYS.

W. R. Barclay, Esq., O.B.E.
Consulting Metallurgist, The Mond Nickel Co., Ltd,

(Lecture delivered to the Midland Metallurgical Societies at the James Watt Memorial Institute on 
4th January 1934, Mr. W. F. Brazener being in the Chair, and some 50 persons present.)

Not many years ago it was quite possible to give within the space of a single paper a reasonably
adequate summary of those alloys of nickel of industrial importance. So far as pure nickel itself is
concerned its main industrial application was for anodes in electro-nickel plating, and alloys of
nickel could be given a fairly simple division between ferrous and non-ferrous alloys; ferrous being
mainly the nickel steels from 1 - 3 per cent. and non-ferrous alloys the nickel-copper-zinc alloys
known as German Silvers, and cupro-nickels which were in those days confined practically to the
85/15 per cent. and the 80/20 per cent. alloys. The position to-day is widely different, and it is quite
impossible within the compass of a single lecture or paper to give even the briefest summary of the
many industrial alloys which are now finding applications of greater or lesser importance in the
metal-consuming industries.

Any paper on nickel and its alloys given in these days must therefore be confined to certain sections
of the subject and will in all probability be somewhat arbitrary in its choice of particular alloys to be
discussed.

Since then, it is impossible to cover the entire field I propose to select for discussion to-night those
alloys of nickel in which, I think the members of these societies will be chiefly interested, and I
shall confine my remarks on the one hand to those alloys having nickel and copper for their main
components and on the other to those mainly composed of nickel and chromium. I cannot, however,
omit some reference to the increasing importance to pure nickel itself, an importance which has
been particularly brought out during the last ten or twelve years. Such applications for example as
wireless valves, chemical apparatus, and coinage are either exclusively developments of the last
decade or at least greatly increased in importance during that period.

Pure  malleable  nickel  was  introduced  towards  the  end  of  the  last  century  by  Fleitman,  who
discovered the properties of magnesium in rendering nickel malleable, but malleable nickel was
then rather an impure product and rarely contained more than 98.5 per cent. nickel. To-day, we have
a very much purer product, but what is of greater technical importance we have two classes, one
containing carbon and one without any carbon at all.

Table I. relates to ordinary malleable nickel contains a small proportion of carbon; from .04 per
cent. to .09 per cent.



Table II. gives a typical analysis of malleable nickel (carbon free). There is a certain amount of
oxide present in this case. This is added because without it we cannot completely eliminate carbon.
The other impurities are very small. The main application of this particular type of nickel is for very
high purity nickel anodes, but it is a malleable nickel and may conceivably find other uses.



Figs. 1 and 2 illustrates the extraordinary amount of work that can be obtained on pure nickel. They
show sundry vessels made for the chemical industry by the Berndorf Company, Austria, and also by
English makers.

Fig. 3 illustrates recent applications of nickel for coinage purposes.

In Birmingham, a very interesting development by Elkington of nickel cooking utensils has taken
place during the last few years, in which nickel is used for lining the interior of the vessels and an
outer coating of copper is electrolytically deposited, so that the chef gets the advantage of the higher
conductivity of copper combined with the resistance of pure nickel to the attack of foodstuffs.

Coming now to the principal part of my paper to-night, I said a little earlier on that I wished to deal
first with the alloys of which nickel and copper are the principal components, and secondly, with
those based on nickel and chromium.



Alloys containing Nickel and Copper.
You will be already quite familiar with the fact that the nickel-copper alloys with additions of zinc
known  as  “German  Silver,”  “Nickel  Silver”  “Nickel  Brasses”  are  by  far  the  oldest  of  the
commercial alloys of nickel. It would take far too long, and this is hardly a suitable opportunity to
give an historical outline of the developments of these alloys, “but I think one can hardly mention
them in the City of Birmingham without recalling the important part this city has played in their
development, largely through the enterprise of Messrs. Evans and Askin, who founded the firm now
known as Henry Wiggin & Co. Ltd.  It  is interesting to note that this  firm next year attains its
centenary, having been founded in 1835, and I hope you will feel that a very brief outline of that
early history is not, in the circumstances, out of place. Those early days are somewhat shrouded in
mystery,  but so far as reasonably reliable information goes it  seems certain that it  was Charles
Askin, a veterinary surgeon of Birmingham, born in Cheadle in the year 1788, who first undertook
serious investigations into the production of nickel, either as a refined metal or as a component of
the alloy “German Silver,” which was then beginning to arouse interest in metallurgical circles in
Germany.

Charles  Askin,  from a  very  early  age,  was  interested  in  chemical  pursuits,  although  probably
receiving very little encouragement from his father, who was the proprietor of a drapery business in
the town of Cheadle.

When Mr. Askin senior died and the drapery business fell to Charles Askin, he immediately sold it
and went up to London to pursue the study of veterinary surgery. After completing his course and
passing qualifying examinations, he migrated to Birmingham in the year 1827 and commenced
practice in his profession. His interest in chemistry, however, never diminished, and on settling in
Birmingham he devoted a great deal of his spare time to experimental work, mainly in metallurgical
chemistry. He appears, about that time, to have made the acquaintance of a Birmingham family
named Evans, who were interested in the metallurgical industry. Two of the sons of this family
acquired some iron works in Poland and, apparently, made a more or less permanent residence in
Warsaw, inviting their friend Askin to visit them there. It was on one of these visits that Askin saw
the then newly introduced metal  from Germany which we now know as “German Silver,”  and
which at that time, was being produced on a small scale experimentally in the form of spoons and
forks.

The metal was sold under the name “Argentan” and was very brittle, so much so that one of the
spoons Askin brought broke in two when accidentally dropped. Askin’s interest was aroused in this
new metal, and, obtaining the information that it was an alloy of nickel, he determined to carry out
experiments  and attempt  to  reproduce  it.  Apparently,  he  was  at  that  time  aware  of  refuse  ore
containing nickel in the Potteries from which the old potters obtained cobalt salts for colouring
purposes, and these nickel residues formed his first supply of raw material. Askin’s brother was at
this time in charge of the gas works at Leamington and offered him the loan of the laboratory there
for experimental purposes.

Experiments at Leamington appear to have extended over some six months, and at the end of that
time a small ingot of German Silver was produced, which was taken to the rolling mill of Messrs.
Merry & Co. in Birmingham, for rolling. Apparently, all parties concerned were both surprised and
extremely gratified to find that the metal made by Askin would roll, in view of the fact that the
material obtained in Warsaw could only be cast and was not sufficiently ductile for rolling purposes.
In order to develop the new alloy, a partnership was formed between Mr. Askin and the two brothers
Merry - Henry and Theophilus - and the residues from the Potteries formed the raw material of their
product.



Some degrees  of  success  certainly  attended  the  new enterprise,  but  apparently  the  partnership
arrangements were unsatisfactory, and at the end of thirteen months Mr. Askin retired from the firm,
taking his  share of  the profits,  which amounted to  £1,500.  Mr. Askin was then offered further
financial  assistance by his friends the Evans,  and a partnership was entered into by Mr. Askin
himself and Mr. Brooke Evans, under the title of Evans and Askin, the main portion of the capital
being supplied by Evans.

Uncertainty exists as to the exact date of this partnership, and therefore the establishment of the
firm of Evans & Askin (afterwards Henry Wiggin & Co.), but it  was certainly not earlier  than
1833/34, and not later than 1838; most probably the firm actually started business in 1835.

The present is therefore a very suitable opportunity to call attention to the fact that the commercial
manufacture of German Silver (Nickel Silver) type of alloys has almost reached its centenary; and
although in some degrees the development of alternative materials has in certain fields displaced
these materials, they still fill a very important place in industry and must continue to be classed
amongst the alloys of nickel which have considerable industrial and engineering value.

The binary alloys of nickel and copper form, as you are fully aware, a simple solution of solid
solutions throughout and from a theoretical point of view are amongst the simplest alloys known to
metallurgy.

The addition of zinc to form the “Nickel Silver” type of alloys does not remove them from the
category of simple solid solutions, and constitutionally therefore, they present no such problems as
are met with in many of the common brasses and other alloys where a duplex structure exists. This
simplicity  of  constitution,  however,  is  somewhat  misleading  from  the  point  of  view  of  the
production of these alloys,  and the history of their  early development illustrates very fully and
forcibly the possibilities of trouble. As a class, these alloys are particularly susceptible to influence
by small traces of both metallic and non-metallic impurities such, for example, as carbon, sulphur,
tin, iron and aluminium, and in early experience with these alloys when the standard of purity of
raw materials was so much lower than it is now, the alloys of nickel and copper suffered severely in
their production by reason of failures both in the works processes of manufacturing and in their
industrial application.

It has been suggested to me, however, that at least some of my hearers to-night would be much
more interested in practical details of casting, rolling, annealing, etc., of these alloys than in a more
or less academic discussion of either their constitution or the influence of impurities. I have been
told several times that what men engaged in ordinary works practice want to know is what are the
best methods of avoiding trouble. It is this aspect of the subject on which I wish mainly to centre
attention, and on these points probably the most important thing I have to say is that the non-ferrous
metallurgist  must realise that alloys containing nickel,  whether straight nickel-copper or nickel-
copper with additions of zinc or aluminium or manganese or silicon or any of the other elements
which during recent years have come to the fore in connection with the copper-nickel series belong
to the class of high temperature materials, and one of the most serious mistakes that the operating
works metallurgist can make is to attempt to produce these alloys by simply applying the methods
of copper and brass melting and casting. I am not exaggerating the case in the least when I point out
that the majority of the troubles that have been met with in past  years in the manufacture and
production of these alloys have arisen through a want of realisation of the importance of melting
and casting temperature. Whether the furnaces are oil fired, gas fired, coke fired, or electrically
heated is not of first importance, but what is of first importance is that the heat available should be
amply sufficient to convert the solid charge into a liquid within a reasonable time.



Much has been said, during recent years, of the advantage of electric furnaces from the point of
view of freedom of contamination by the atmosphere and products of combustion, and quite rightly
so, but it must be pointed out that the alloys I am discussing at the moment can be quite successfully
produced from gas, oil, or coke fired furnaces without any appreciable contamination so long as the
charge is melted within a reasonable time. A crucible charge of, say,100/120 Ibs. Of metal should be
completely melted and brought to a suitable pouring temperature well within an hour and a half
from the time of first charging. Many of the troubles of contamination, oxidation, etc., arise not so
much from the type of fuel used, as from too long a time being taken in actual melting down. This is
the first and, perhaps, the main point I wish to stress. I am, of course, presuming that due care has
been taken in choosing suitable raw materials. If so, and the charge has been brought to molten
condition quickly and efficiently, the operator can reasonably presume that his liquid charge is up to
standard.

The three really important factors in ingot production are ingot moulds, ingot mould dressings, and
pouring temperatures. | do not intend to lay down any hard and fast laws about ingot dressings, but I
wish to point out what an ingot mould dressing really does. It does two things: it first of all protects
the mould from the action of the molten metal; and it also gives a smooth surface ingot. In the
process of casting metal alloys, the main point to be realised is that we are dealing with liquids at a
temperature of probably 1250 to 1300°C. or higher. In these conditions, if the ingot dressing is
likely to develop gases, unsoundness of ingot must ensue.

With regard then to  dressings,  see that  they are well  on the dry side and not  on the wet side.
Whether kerosene or paraffin or light or heavy oil are used, see that the final result of dressing is
reasonably dry.

That, however, is only one point. I have examined mould dressings just before casting, when it has
been said that very great care has been taken. Every now and then one finds little lumps sticking out
here and there, and I would ask you to visualise what happens when that is the case. Supposing
there is an excrescence on the mould lining. In the process of solidification, the crystals must grow
out from the surface of the mould. If the surface is smooth these crystals will grow out in regular
and dendritic  form,  but  otherwise  they  will  grow out  at  all  sorts  of  angles,  thus  giving  every
possible facility for trapping not only gases but solid matter. I have seen many ingots cut open in
which the centre has been perfectly sound and the surface reasonably smooth, but just below the
surface under the skin and quite invisible, there have been all sorts of flaws.

This  is  a  vitally  important  subject  because  when  liquids  freeze  to  solids  the  smoothness  and
regularity with which the crystal is formed depend upon the surface of the container, and it is this
factor  that  determines the freedom or otherwise from gas  and solid  matter  inclusions which is
ultimately obtained.

To sum up, the first and vital thing about casting (whether in water-cooled mould or an ordinary
chilled iron mould) is absolute, scrupulous cleanliness. The second thing is to try and realise what
the dressing is for. It is not simply a convention; it has a definite purpose. Lastly, try to see that all
possible precautions are taken to give the metal a chance to solidify under proper conditions.

What sort of furnace is best for melting these nickel silver alloys? That is a question which is often
put to me. I am quite sure it is not possible to say that any one furnace is undoubtedly better than
another, but I wish to illustrate one or two furnaces which are really very good.

Figs.  4,  5  and  6  illustrate  a  furnace  developed  in  Germany  at  the  works  of  one  of  the  most
experienced manufacturers of alloys on the Continent of Europe. It is a tilting furnace, in which
forced draught is used through coke. You will note the furnace base, with a sort of crucible stand.



The container is well raised, so that there is ample opportunity of getting heat round the bottom of
the crucible, which is vitally important in the melting of these alloys. The forced draught is carried
through into the coke charge by channels which are directed towards the surface of the coke, and
the larger diameter tuyéres are upwards. The general shape of the furnace is quite clear from the
illustration, and a section round is also shown.

I  call  your  attention  to
this  furnace  as  an
example of a type very
useful  in  cases  where
the  output  or  class  of
demand does not justify
an  electric  furnace  of
the  Ajax  Wyatt  type,
which is only at its best
when  it  can  be
continuously  worked  in
mass production.

Furnaces  of  the
description  shown  are
extraordinarily
economical,  and in  this
country where coke is of
good  quality  and
reasonable in price, it is
well  worth  while  to
adopt  a  furnace  of  this
type.  It  was  developed
by  the  Germans  who
have  gone  to  a  lot  of
trouble  to  get  the
highest  possible
efficiency  of  fuel
consumption.

The  Ajax  Northrupp  or
Metropolitan  Vickers
high  frequency  electric
furnace is also very well
adapted  for  the
production  of  these
nickel-copper  alloys;
whether  straight  nickel-
coppers or nickel-silver.





Before leaving the subject
of  nickel-copper  and
cognate alloys I must call
your attention to recent research work in the more complex alloy systems based upon nickel-copper.



I particularly refer to the addition of aluminium which was the subject of papers to the Institute of
Metals by some of my colleagues in our own organisation and also by Dr. Brownsdon and his co-
workers of the Research Department of I.C.I. Metals. These papers are no doubt fresh in your minds
and I need not go over
the ground again. I should like, however, to call your attention, also, to other work in this field
which  has  also  been  recently  published  dealing  with  additions  of  manganese  and  silicon.
Summarising these researches very briefly and superficially, one may say that the nett result of
modern developments is to indicate clearly that in the four elements - iron, manganese, silicon and
aluminium - we now have a means of very definitely enhancing the already valuable properties of
the nickel-copper series in the direction of—

(a) Considerably increased mechanical strength.
(b) Increased resistance to oxidation and in some cases to sulphur attack; and
(c)  - By no means of least importance - increased resistance to corrosion.

It is too early yet to estimate the place alloys of these various types will occupy in industry, but
unquestionably it will be of appreciable importance, and I commend them to your detailed study
with the conviction that this field will prove very well worthwhile, not only to research workers, but
to manufacturers and engineers generally.

Alloys containing Nickel and Chromium.

The development of the commercial alloys in this class belongs entirely to the present century. They
were first introduced on an appreciable scale in America. In their earlier years progress on this side
of the Atlantic was somewhat slow. Since the end of the war period developments have taken place
of considerable importance in all countries having metallurgical and engineering interests.

During their earlier stages of development, the alloys of commercial importance were confined -

(a) To those consisting entirely of nickel and chromium, that is to say, the binary system.
(b) Ternary alloys, containing iron.

During recent years, much research work has been carried out on the addition of other elements to
these two types, and to-day some of these latter alloys are assuming considerable importance.

For  the  purpose  of  my  paper  to-night  I  am  assuming  that  you  are  all  more  or  less  at  least
superficially familiar with these alloys, and again I propose to concentrate my remarks on the more
practical aspect of the subject, and to one or two rather special types of alloys which are the result
of modern development work.

Dealing first with the simple binary alloys, by far the most important is the one containing the 80
per cent. nickel 20 per cent. chromium which may be said now to be the standard alloy for electrical
resistance heating. The physical and mechanical properties of this alloy have been fairly thoroughly
explored by many workers both in America and in England, and on the Continent, and I do not
propose  to-night  to  occupy your  time on this  section  of  the  subject.  Suffice  it  to  say  that  the
outstanding properties of this alloy are resistance to corrosion, great strength at high temperatures
and the property of forming an oxide which has both considerable mechanical strength and is firmly
adhesive.  Closely  associated  with  the  80/20  alloy  are  alloys  of  somewhat  more  modern
development  containing  nickel  up to  from 85 per  cent.  to  90 per  cent.  Such alloys  have  been
developed recently rather more for general engineering and industrial uses than for electric heating
which is the main purpose of the 80/20 per cent. alloys. A good example of this modern product is
an alloy recently placed o1 the market by the International Nickel Co., of Canada, under the trade



name of “Inconel.” This alloy is some-what different from the 85 per cent. to 90 per cent. nickel
containing alloys since part of the nickel is replaced by iron. It does not contain, however, less than
80 per cent. nickel with a chromium content of 12/14 per cent. and an iron content up to 6 per cent.

The  alloys  of  which  Inconel  is  a  representative  type  are  steadily  finding  increasing  favour  in
industries like the dairy milk industry, chemical plant, and in a number of detailed applications
where a combination of mechanical strength, good appearance and high resistance to corrosion are
required.  For example,  recent tests  published in the news edition of Industrial  and Engineering
Chemistry (October 20th, 1933; p. 300), gives the results of a series of tests on the resistance of
Inconel to nitric acid, from which article the following details are extracted:

In some respects, alloys of this class are superior to stainless steel, first in their entire freedom from
susceptibility to weld decay, and secondly in their superior all-round resistance to corrosive attack.
Alloys of this  type can also be very readily welded and are therefore particularly suited to the
construction of apparatus which requires sectional construction.

Materials of this class are also useful for springs, particularly under conditions where corrosive
influences are severe.

Turning now to the somewhat lower grade and certainly cheaper alloys of the nickel-chromium
type,  undoubtedly  the  best  example  is  the  alloy  containing  60/65  per  cent.  of  nickel  and
approximately  16  per  cent.  chromium,  remainder  iron,  Like  the  80/20  per  cent.,  the  largest
application of this  alloy is  in the field of electric resistance heating,  but the general properties
possessed are such as to render it a peculiarly valuable alloy having high temperature applications
generally in view. It will readily withstand temperatures of, and even in some cases exceeding,
850°C., and is one of the most valuable alloys of commerce for casting and forged parts for heating
furnaces and heat treatment equipment.

It is worthwhile indeed to note that apart from the use of both classes of alloys in electric resistance
heating elements, it is the introduction of these ternary alloys of iron, nickel and chromium that has
rendered modern furnace construction possible, and these give invaluable service in increasing the
robustness of such furnaces and enormously extending their life as furnaces, apart from the heating
elements themselves.

So great has been the development of these nickel chromium containing alloys recently that it is
difficult for us to-day to realise that it is only two or three decades since their development began
even on a laboratory scale, and probably no series of commercial alloys hitherto explored have
made more rapid headway than these. It is now generally recognised, as remarked by Chevenard1

the  eminent  French  metallurgist,  that  “it  is  among  the  Ferro-Nickels  with  high  nickel  content
supplemented by hardening elements such as chromium, tungsten,  etc,  that must be sought the
metals resistant to elevated temperatures.” These alloys, besides their valuable thermal properties,
possess a remarkable chemical resistance with respect both to oxidation and a large number of
corrosive agents.



Stainless Steels.

No discussion, however superficial, of the nickel-chromium-iron alloys of these days can be entered
upon  without  consideration  of  the  Austenitic  stainless  steels,  namely,  iron-chromium  alloys
containing nickel. It is not too much to say that it is the addition of nickel as an essential element
that has established stainless steels as one of the most valuable modern engineering and industrial
materials.

While it is true that the original stainless steel, as invented by Brearley, was essentially an iron-
chromium alloy containing not less than 14 per cent. chromium, their subsequent development has
been almost consistently along the lines of nickel additions. These may vary from as small amount
of 1½ per cent. to 2 per cent. of nickel up to 20 per cent. or even 30 per cent. You will be aware, of
course, that by far the great majority of these steels under whatever trade name they are sold contain
approximately 8 to 10 per cent. of nickel, and Monypenny2 in his classical book on stainless iron
and. Steel commits himself to the opinion that “£an alloy containing 15 or 16 per cent. chromium or
even 10 or 11 per cent.  of nickel  possesses the best  all-round combination of properties.”  The
general  effect  of  nickel  on  stainless  steels  from a  metallurgical  point  of  view is  to  lower  the
temperature of the critical changes. and at the same time to increase the air-hardening capacity of
the steel.

The principal effect of nickel from the point of view of the user, however, is the endowment in the
ordinary stainless steels of a distinctly greater resistance to corrosion influences which are very
common in the uses to which metals are applied, particularly in resistance to acids, sulphuric and
hydrochloric acid and to general atmospheric attack.

Increased resistance to acid appears to be a distinct property of the high nickel-containing Austenitic
steels, but it should also be remarked that a number of organic acids which have fairly strong attack
on ordinary stainless steels are practically without action or have very slight action on these nickel-
containing alloys. Monypenny (see above) gives a series of results of tests on the resistance of these
materials  to acids,  in  which the resistance of the high nickel-containing alloys to hydrochloric,
sulphuric,  nitric,  phosphoric,  acetic,  citric  and tartaric  acids,  as  compared with their  respective
attack on ordinary stainless steel is very vividly illustrated.

 Nickel Alloys and the Corrosion Problem.

You will,  I am sure, by this time, be very familiar with the general statement that in the “fight
against corrosion nickel has played a vital part,” and there can be no question that it is amongst its
alloys that our most valuable corrosion resisting materials are being found. You will hardly expect
that in the comparatively short time at my disposal to-night I can discuss this corrosion problem
with any reasonable degree of adequacy, but I think it  is well  worth while to give you a brief
summary of some of the work that has been done during recent years, which is perhaps not quite so
well  known as much of it  deserves to be. I  may begin by calling your attention to a series of
classical researches centred in our own technical college in Birmingham, under Dr. Newton Friend.3

Dr. Friend has submitted a large variety of metals and metallic alloys to extended tests in sea-water
carried out in  Southampton Docks,  and in  his  summary of results  calls  special  attention to  the
behaviour of the nickel-chromium-iron series with a chromium percentage of 16 to 20 per cent.,
which he reports  “resisted attack  exceedingly well.”  In many cases  he noted  that  the test  bars
retained their high polish. In the same series of researches, Dr. Friend found that even pure nickel
itself gave very satisfactory results. His remark on this material is “perfect except slight shell fauna
attack.” The rich nickel-copper alloys typified by compositions containing 45 to 70 per cent. nickel
showed similar corrosion resistance 



Attention has also been directed in many quarters recently to the subject of corrosion of metals in
relation to foodstuffs, and I think you may be interested in the following examples:

(a) An interesting series of tests on vessels suitable for use in mayonnaise plant are reported in
an American Journal - “Canner,” November 1932, These tests  were  carried  out  in  plant  under
actual operating conditions. The conclusions arrived at were that while a number of metals may be
usefully employed in certain applications, the more suitable  materials  for  general  use  are  the
Austenitic Stainless Steels (namely, iron-nickel-chromium  alloys)  and  a  rich  nickel  containing
chromium alloy of the type of Inconel.

(b)  Milk.  The  importance  of  maintaining  a  high  degree  of  purity  in  the  transport  and
manipulation of milk and milk containing products has inspired very much research work on milk
corrosion during recent  years.  A series  of  tests  by Finck and Rohrman4 on the  resistance of  a
number of nickel containing alloys were reported from Columbia University in January 1932. These
investigators made a fairly exhaustive examination of a number of metals, including copper,nickel
and nickel-containing alloys. One of their outstanding conclusions is that high nickel-chromium-
iron alloys, nickel-aluminium alloys and chromium plating alloys were found to be highly resistant
to corrosion by milk.

Guthrie Roadhouse and Richardson (Hulgardia 1931, No. 5, pp. 225-253, abs. Jnl. Soc. Chem. Ind.
CLXVIIL., p. 903) state, inter alia, “that chromium-nickel alloys show little corrosion by sweet
milk and impart no flavour to the milk.”

(c)  Dyeing Plant  and Equipment.  Among modern  industries  that  of  dyeing is  one of  the  most
progressive and necessarily scientific, and in this field again much experimental research has been
done  on  material  suitable  for  apparatus  and  equipment.  A fairly  recent  article  in  the  “Textile
Colorist” (February 1931), gives an interesting summary of the use of “Monel” Metal in this type of
equipment, and stated again, inter alia, “while Monel Metal is not claimed to be the very best for
any and all dye liquors, nevertheless, it is suitable for so many that it may be regarded as one of the
most valuable of all die tank materials.” Here, again, you will observe that rich nickel-containing
alloys have come to the fore.

(d) Tanning. A significant remark on the subject of materials resistant to tan liquor is contained in a
report  on  the  corrosion  of  metals  by  tan  liquors  issued  by  the  British  Leather  Manufacturers
Research Association. The results (of experiments returned) show fairly conclusively that a material
resistant to the action of tan liquors in general is more likely to be successful among the chromium-
nickel containing alloys than in general non-ferrous metals and alloys. On the other hand, many
experimental tests indicate that rich nickel-containing copper alloys, such as Monel, have a very
considerable resistance to attack.

(e)  Sulphur.  Unfortunately,  one serious obstacle to the all-round success of nickel alloys in the
corrosion-resistant field is that many of the better-known commercial alloys are highly susceptible
to  attack  by  sulphur  and  its  compounds,  particularly  at  high  temperatures.  Even  in  this  field,
however, recent investigations strongly indicate that this sulphur attack can be inhibited to a high
degree by the addition of aluminium to nickel alloys. Much valuable research work is now being
carried out on these nickel and aluminium containing alloys and it is hardly too much to say that in
the very near future they will form a very valuable class in corrosion-resisting materials, since not
only do they show quite considerable resistance to sulphur attack, but also possess valuable physical
and mechanical properties.

(f)  Sulphuric Acid. With regard to sulphuric acid itself, it is now widely known that Monel metal
and  the  type  of  alloy  represented  by  the  rich  nickel-containing  copper  alloys,  are  very  highly
resistant to practically all strengths of sulphuric acid. Probably no other alloys readily available to



industry are so generally applicable for service in chemical plant and equipment. A very practical
application of this  which will  appeal to  all  manufacturers of non-ferrous metals  is  the peculiar
suitability of Monel metal for service in pickling plants.

(g)  Resistance to Organic Acids. All nickel alloys in some degree exhibit resistance to attack by
organic acids, and this applies even to the relatively cheaper alloys such as nickel silvers which are
especially good in fruit syrups. High grade qualities of these alloys such as BB (those containing
25/30 per cent. nickel), have a high resistance to hot oxalic acid and keep a usually clean surface in
such contacts.

(h)  Phosphoric Acid. The manufacture of phosphoric acid has assumed considerable commercial
importance during recent years and both its manufacture and use is steadily increasing. In this field
the problems of materials for plant construction capable of resisting attack are not by any means
simple.  Here,  again,  nickel-containing alloys have proved of outstanding value,  particularly the
Austenitic stainless steels. Kosting and Heinz6 indicate that while for use in commercially pure acids
these steels should not contain more than 8 per cent. nickel, for use in crude acid a higher nickel
content is beneficial.

(i)  Atmospheric Corrosion, A long and most exhaustive report by the British Non-Ferrous Metals
Research  Association  was  published  recently  (July  1933)  to  its  members,  and  while  this  is
confidential to members, and also any summary I could give would be totally inadequate I think I
am justified in saying that nickel alloys are proved to occupy a high position in resisting the highly
complex reactions which occur on exposure of metals to free contact with the atmosphere.

Indeed,  of  all  commercially  obtainable metallic  alloys,  other  than the noble metals  themselves,
those containing nickel have been proved to be the most generally useful. With regard to pure nickel
itself, in relation to atmospheric attack, the most important modern investigation is undoubtedly that
of Vernon, published in the Journal of the Institute of Metals, XLVIII., No. 1, 1932, pp. 131-145,
under the title of “Fogging of Nickel.” Dr. Vernon, in this paper describes a number of experiments
designed to investigate the mechanism of the well-known fogging effect apparent on partly polished
or smooth surfaces of nickel when exposed to the atmosphere. Results of these experiments show
conclusively that the surface attack of nickel is due partly to the presence of suspended sulphates in
the  air,  and  partly  (probably  mainly)  to  the  presence  of  SO2.  This  fogging  effect  is  a  serious
drawback to the use of pure nickel itself in constant contact with free action of the atmosphere. It
should, however, be pointed out that, as Vernon himself as shown “comparatively small additions of
chromium would almost entirely inhibit this tendency.”

You will, I am sure, understand that while an immense amount of research work has been carried
out on this corrosion problem during the last decade both in its practical and theoretical aspects, it
yet remains one of the most complex problems that metallurgists and engineers have to face.

It is almost safe to say, indeed, that in no field of metallurgical or engineering investigation is any
degree of dogmatism less justifiable. We have yet, for example, the still partly unsolved problem of
the “mechanism” of corrosion, and no clear-cut vision can possibly be obtained until the theoretical
and fundamental problems of the subject have been more completely attacked and solved. It would,
therefore, be a serious mistake to assert that any one class of metallic alloy would be ultimately of
greater value than another, but with the fullest realisation of this I still feel justified in saying that
the alloys of which nickel is an important component have definitely proved to be leaders of the
industrial metals and alloys available to the engineer and ultimate user, and I feel further justified in
stating that all indications furnished by research work now proceeding are tending to confirm such a
conclusion.



It is the vital importance of this to both metallurgists and engineers that must be my apology for
detaining you so long in this concluding section of my paper.
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THE PRECIOUS METALS—GOLD, SILVER AND PLATINUM.

Edmund Downs, M.Sc., F.1.C,

(Lecture delivered to the Midland Metallurgical Societies, at the James Watt Memorial Institute,
Birmingham, on February 28th, 1935, N. P. Allen, D. Sc., being in the chair, and some 50 persons

present.)

INTRODUCTION.

The subject of my paper to-night, chosen by your Committee, is the Precious Metals-- Gold, Silver
and Platinum. The very wide scope of the subject must be obvious to you all and these metals are,
as  you  know,  each  of  sufficient  importance  and  interest  to  warrant  their  separate  study,  and
therefore, any attempt to deal exhaustively with one or all of these metals is, of course, entirely out
of the question. What 1 believe most of this audience are interested in is the present position and
application of these metals in industry generally, and in your own particular industry in Birmingham
which one readily admits rightly claims to be in the very first rank in the use and fabrication of
these precious metals.  I  intend,  therefore,  in this  paper to give only a  very brief survey of the
occurrence and extraction of the metals and using the short time at my disposal, to a consideration
of their practical applications to industry and especially to recent developments of these.

With regard to the term “Precious Metals” it may seem to some people inadvisable to include silver
in this category as its price to-day is only approximately 1/70 of the price of gold, or platinum, and
more so, as a few years ago its price dropped to 1/- per ounce, or one half of what it is at the present
time. However, history has always linked gold and silver together, and its universal use in monetary
systems and as a basis of exchange along with gold, have, no doubt, caused it to be placed in this
category. In any case, the price of silver is nearly £3,500 per ton, which is a very long way ahead of
the price of any of the common metals we are familiar with. We must, therefore, feel inclined to
admit its claim as a precious metal so long as silver bullion is used as security and backing for notes
and loans as it is today in the East.

The three metals we are dealing with have several properties in common in that they are completely
non-oxidisable at ordinary temperatures, or even in the molten state. Moreover, they are all highly
malleable  and ductile,  have  a  bright  pleasing  colour,  are  completely  resistant  to  organic  acids
generally, and if we except nitric acid in the case of silver, are all resistant to the single mineral
acids in the cold. Also, they all have comparatively high melting points.

With this short introduction | propose, therefore, to pass on to the consideration of platinum,
gold and silver in that order.

Platinum.

Discovery.

Platinum was  not  known in  the  pure  state  until  comparatively  recently,  although  its  discovery
belongs to the 16th century when it was noticed by the Spaniards as hard white nuggets in certain
rivers in South America and is mentioned as a material  which no fire or Spanish art is able to
liquefy. This metal was originally known as platina, this name being changed to its present one
towards the end of the last century.



Occurrence.

The sources of platinum before 1914 were confined almost solely to Russia and to a small extent
Colombia, S.A., which countries were then responsible for 98°% of the world’s total annual output
of approximately 200,000 ounces.  Since the war,  the Russian output has declined considerably,
while that of Colombia has increased. These sources were, and are, entirely alluvial, but recently
other sources have become available,  the chief of which are the copper nickel sulphide ores of
Sudbury, Ontario, and the more recently developed ores in South Africa. The content of Platinum
metals in the Sudbury ores is, of course, small and is in the region of 1 part in 2 million, while the
South  African  ores  contain  6-12  dwts.  platinum metals  per  ton.  The  alluvial  deposits  already
mentioned  and  the  above  two  sources,  therefore,  form  practically  the  whole  of  the  world’s
production to-day.

The total platinum output in 1933, although no reliable figures are yet available, is estimated at
175,000 ozs. Troy. 
 
Extraction and Refining.

The metal from the alluvial sand is concentrated by hydraulic and other means and is delivered as
crude metal to the refinery for the final recovery and purification. This consists in dissolving the
metal  in  aqua  regia  and  precipitation  of  the  platinum with  Ammonium Chloride.  The  platinic
chloride  thus  formed,  is  then  calcined  to  metal  in  the  form of  sponge,  and  finally  melted  or
compressed and forged at a high temperature. This refining process may be repeated several times
to  get  the  purity  required.  Other  refining  processes  are,  of  course,  used,  but  they  need not  be
enlarged upon here.

The extraction of platinum from the Sudbury ores is a different matter, and here the platinum metals
are finally found in the anode slimes, from the electrolysis of nickel in the case of the electrolytic
refining of. nickel, and in the residues left after the volatilisation process in the case of the Mond
Process. These rich residues are then treated for the recovery of platinum by well-known refinery
methods.

In the case of the South African ores these are concentrated hydraulically, giving a rich product of
platinum metals as sulphides which is sent to the refinery for further treatment.

The product of the refinery is in the first-place platinum sponge as mentioned above. This sponge is
a finely divided powder and by careful pressing and forging can be compressed into an ingot which,
for all purposes is equal to, if not superior to, the melted metal from the point of view of subsequent
mechanical treatment, e.g., rolling and drawing into wire. Where a harder platinum is required, as,
for example, by alloying with Iridium, melting of the metal is essential, and may be done either by
the old method using a lime furnace, heated by an oxy-hydrogen or oxy-acetylene flame, or by the
more recent method of electrical heating, using a high frequency induction furnace. 

Properties.

Platinum is a white metal, highly ductile and malleable, with a melting point of 1.755°C., and a
specific gravity 21.44. Chemically it is acted upon by few substances, but is freely soluble in aqua
regia, being insoluble in nitric, hydrochloric or dilute sulphuric acids. It can be made into foil down
to .00028 inches thickness and drawn into wire .00035 inches diameter.

A specially fine wire,  known as Wollaston wire is  .00004 inches diameter,  and is  produced by
encasing a platinum wire of ordinary diameter in a silver sheath, the diameter of which is usually 10



or 20 times that of the platinum wire. The whole is drawn down as fine as possible and the outer
silver sheet dissolved in acid, leaving the very fine platinum wire.

The most interesting chemical property of platinum is its catalytic activity in certain reactions, and
as will be observed later, this finds several important applications in industry. In all its  various
metallic forms, whether as coarse sponge or colloidal platinum, the activity is present and generally
speaking, the finer the state of division of the metal, the greater its catalytic powers. An explanation
of this is the formation of an oxide on the surface of the metal or adsorbed or occluded oxygen
rendering  the  oxygen exceedingly  active,  although this  explanation  can  only  hold  in  oxidising
reactions, whereas platinum is also able to act as a catalyser in certain reducing reactions.

This property can be partially or completely inhibited by certain “poisons” the most powerful of
which  are  found  to  be  reducing  agents,  as,  for  example,  sulphuretted  hydrogen  and  arsenious
compounds which, no doubt, interfere with the formation of the suggested active oxygen layer.

Uses of Platinum.

By virtue  of  its  special  properties  platinum finds  many Uses  in  the  chemical  and engineering
industries, but the high cost of the metal (£7 per ounce) naturally limits its employment in these
industries to specialised parts or apparatus where cheaper substitutes are impossible.

In the laboratory, crucibles and dishes of platinum are still essential, notwithstanding competition
by other metals and materials, and generally such ware is pure platinum, although in some cases
small quantities of gold, iridium and rhodium are alloyed with the metal to render it harder. Another
laboratory and works use is to be found in the thermocouple, which consists of pure platinum and a
Pt-Rh alloy of the following composition 90% Pt-l0% Rh, or 87% Pt-13% Rh.

Electrodes of platinum for laboratory electrolytic apparatus are also still in great demand.

Jewellery.

A very extensive use for the metal is found in the jewellery trade where its colour and enduring
properties make it an excellent setting for the precious stones and especially the diamond. In this the
platinum is  usually  very pure (99.5'%,)  with very  small  amounts  of  hardening metals,  such as
Iridium, Rhodium and Ruthenium, to give the necessary wearing proper ties. In this connection it
may be mentioned that  alloys  with as  low a platinum content  as  50°% were formerly  sold as
platinum, but at a recent international conference of jewellers held in Rome, it was agreed that all
articles designated platinum should contain at least 95°% of that metal.

Electrical Uses.

In the electrical industries platinum is still in demand and has an extensive use in the making of
contacts where a high melting point metal with non-oxidisable and good conducting properties are
essential or advisable. In this category magneto contacts and numerous other electrical contacts are
tipped with pure platinum, or a  platinum-iridium alloy,  according to  the degree of wear  at  the
contact in question, A non-tarnishable alloy of Pt-Ag is used for fine resistance fuse wire.

Dental Alloys.

Another well-known use, although here again substitutes have now been found for many of its
former applications, is in dentistry, where formerly platinum dental plates and pins were in great



demand. It still finds a use, however, for plates and pins as an alloy consisting of platinum and gold,
or platinum and silver. The former extensive use of platinum for such work is reflected to-day in the
large quantities of discarded dental plates and sets which turn up as scrap in the melting house for
recovery of the precious metals.

Medical Supplies.

In the medical profession platinum has its uses in hypodermic syringes and cautery points, the latter
depending upon the catalytic property of the metal for its usefulness. In this case the mixture of
alcohol vapour and air continuously pumped into the shell maintains the required temperature due
to the catalytic oxidation of the alcohol on the platinum surface.

Radium appliances such as radium containers, needles and seeds are also usually made of platinum
or  a  platinum-iridium  alloy,  as  these  metals  have  a  much  greater  screening  effect  on  radium
radiation than any other metal. These containers being non-corrosive can be inserted into living
tissue.

Artificial Silk Industry.

In the comparatively recently developed artificial silk industry the necessary spinnerets consist of
an alloy of platinum and gold with or without palladium, and in this case the fine holes and general
exactness required make it essential to use an alloy exhibiting such “inert” properties under the
prevailing conditions of artificial silk manufacture.

The surface of the spinneret through which the fine holes are drilled is usually about half-an-inch in
diameter and contains any number from 18 to 80 holes regularly spaced over the whole area. Each
hole is .003 inch diameter and must be perfectly smooth and free from burr and sharp edges, and
able to withstand any abrasive or corrosive action.

 Use as a Catalyst.

It is only natural that the special properties of platinum in its action as a catalytic agent should find
ample scope in  the chemical  industry,  and to-day large quantities  of the metal  are  used in the
production of synthetic nitric acid and sulphuric acid. In the former process, ammonia is oxidised to
nitric oxide and then to nitric acid, and the catalyst is used in the form of pure platinum gauze made
of wire 06mm. diameter and containing about 80 meshes to the inch. A finer gauze containing 3,600
meshes per sq. cm. is also used for catalytic purposes. American practice appears to favour an alloy
of  platinum  10°%%  rhodium,  or  other  special  alloys  which  are  understood  to  give  a  greater
conversion efficiency and to have a longer life, but the use of alloys in place of pure platinum is by
no means general practice.

In the manufacture of sulphuric acid,  platinum has long been used,  and for a long time held a
complete monopoly. Within the last 15 years, however, (stimulated, no doubt, by the very abnormal
price of platinum about 1920) a serious competitor has arisen, in a “vanadium” catalyst, but the
extravagant claims originally made for this have not been entirely borne out in practice and to-day
platinum is still in great demand as a catalyst for the oxidation of sulphur dioxide. The original form
of the metal used for this purpose was platinised asbestos, prepared by igniting asbestos soaked in
platinic chloride, thus forming the active material of platinum sponge. A later development in the
preparation of the catalyst is the substitution of silica gel for asbestos as the carrier, and this has
greatly increased the efficiency and useful life of the catalyst.  This discovery represents a very
notable advance in the cheapening of the cost of the oxidation of SO, in the sulphuric acid industry



and  has  undoubtedly  enabled  platinum  to  meet  and  hold  its  new  competitor.  An  important
consideration in the use of platinum is, of course, the high scrap value of the spent catalyst.

Platinum Plating.

Before leaving the uses of platinum reference must briefly be made to the comparatively recent
development  in  platinum  plating.  Still  more  recently,  however,  this  has  to  some  extent  been
superseded by rhodium plating, so that the bright prospects and hopes once held of the usefulness of
platinum plating have now been largely transferred to this other member of the platinum family.
However,  platinum plating  is  still  in  demand for  special  requirements  and is  considered  to  be
superior to rhodium for those parts which are subjected to high temperatures, e.g., in contacts where
arcing or sparking occurs, and for the plating of medical and surgical instruments.

The  platinum plating  solution  generally  used  in  this  country  consists  of  a  solution  of  sodium
hexahydroxyplatinate (Na,Pt(OH),) which is made slightly alkaline by the addition of caustic soda,
Conducting  salts  such  as  sodium  sulphate  and  sodium  oxalate  are  also  added.  The  working
temperature of the bath is between 65°C.—80°C. at a cathode current density of approximately 7}
amperes per sq. ft. and very high electrode current efficiencies of almost 100% are obtained.

The average thickness of the platinum deposit is 25 millionths of an inch (.000025) which is a
bright hard plate and requires practically no subsequent polishing. For building up an excessive
thickness of platinum plate a lower current density of 3 amperes per sq. ft. is advisable, but current
densities higher than 12 amperes per sq. ft. may result in “burnt” deposits.

An  insoluble  anode  is  used  and  may  be  either  of  platinum,  nickel  or  platinum plated  copper.
Platinum is, of course, too expensive for general use. For all usual purposes, the platinum content of
the bath is kept at 1% and at this composition the throwing power and general working efficiency of
the bath are excellent.

Gold.

Occurrence.

With regard to the state in which the gold exists, it should be mentioned that by far the greatest bulk
is either placer or reef gold. In placer gold the metal has become detached by weathering or other
action from its original bed of quartz and exists as small or large particles amongst the alluvial
matter. Reef gold on the other hand exists as fine particles of metal scattered throughout the quartz
body. The well-known Witwatersrand gold mines in South Africa where the gold content assays
about 6 dwts. per ton is an example of the latter.

In the extraction of reef gold, the ore is crushed thereby liberating the small particles which are then
extracted by dilute sodium cyanide solution from which the gold is precipitated with zinc dust or
shavings. This precipitate is melted and gives a bar containing approximately 90% of gold with
10% silver and base metals, which is then sent to the refinery for final treatment. It may be of
interest to know that over 35 million tons of ore are treated annually on the Rand at a cost of 19/-
per ton, and the yield with gold at £7 per ounce is 39/6 per ton.

Placer gold on the other hand is already free in grain form and all that is necessary is to collect these
grains by physical methods, e.g., by means of concentrating tables or passing the gravel suspended
in water over rough blankets.  Mercury is largely used as a final collecting agent and the amalgam
formed is  then retorted to  recover  the precious metal  which is  melted to a  bullion bar for  the
refinery.



Refining of Gold.

In  the  refinery  many  of  the  older  well-known  chemical  methods  have  given  way  to  the
comparatively  simple  process  known as  the  Miller  Chlorine  Process  which  consists  in  passing
chlorine through the molten crude metal whereby silver and the base metals  are converted into
chlorides leaving the gold untouched. When the gold reaches the required fineness of 996 or over,
the molten chlorides lying on the top of the metal are removed and the gold is poured into the
standard bar weighing 400 ozs. Troy.

When the bullion bar contains metals of the platinum group this method is, of course, useless as
these  metals  are  not  chlorinated  and  are  left  in  the  gold.  When  platinum  metals  are  present,
therefore, a wet method of refining is necessary in which the crude gold is dissolved in aqua regia
and the metal is  precipitated from the resulting gold chloride solution with a suitable reducing
agent, e.g., Fe Cl2. The platinum metals are extracted from the solution after the precipitation of the
gold. Fortunately, however, only a very small quantity of the world’s gold output is plantiniferous
and the chlorine method of refining is, therefore, almost universal. The important feature of the
chlorine  process  is  the  high  speed  of  refining  and  quick  turnover  which  is  possible  and  the
consequent saving of time and interest charges on the value of the metal in the refiner’s hands.

Properties of Gold.

With regard to the properties of gold it is necessary to say very little except that it melts at 1063°C.,
and has a specific gravity of 19.32. It is insoluble in all single acids, but freely soluble in aqua regia
and  does  not  oxidise  or  tarnish  but  retains  its  bright  yellow  appearance  under  practically  all
conditions. It it highly malleable and ductile and it is to this property that gold owes many of its
present day uses in industry.

Uses of Gold.

In describing to this audience, the various uses to which gold is put, I feel it is somewhat akin to
telling Newcastle folk the story of coal. For has not Birmingham from the early history of one of its
important  industries  been  in  the  forefront  of  the  manufacture  of  articles  where  this  and  other
precious metals have been largely used. And was it not in Birmingham that a button maker, John
Turner by name, first produced what is now a thriving industry in this country, and which will be
referred to later, namely rolled gold?

Of the total annual production of fine gold only about 6%, or 14 million ounces finds its way into
industry  -  the  remaining  94°%  being  absorbed  in  the  form  of  400  oz.  bars  for  monetary,
international trade and exchange purposes.

 Alloys of Gold.

Pure gold far too soft for many uses in industry and, therefore, it is almost invariably used as an
alloy with either silver, copper, platinum or other precious and base metals. We are all familiar with
the various carat alloys and their special properties as used in jewellery decoration and these alloys
offer a ready means of obtaining the decorative and utilitarian value of gold at reasonable cost. The
multifarious uses of gold in this respect are well-known and find an outlet in numerous ways in the
electrical, dental and optical trades, for electrical contacts, for surgical instruments and the nibs of
fountain  pens.  In  all  these industries  the special  property  required is  absence  of  oxidation and
freedom from possibility of corrosion of the metallic part.  



Gilding.

The earliest use of gold for purposes of decoration was found in gilding and this is still an important
industry.  Originally  the methods of gilding were confined to  the use of gold leaf  and mercury
gilding, but the latter method has now, I believe, entirely disappeared as a commercial process,
although within quite recent years the Admiralty specification for gilding Navy buttons insisted on
mercury gilding presumably because of the thicker coating of gold which this process gave.

Another method of gilding is immersion or water gilding, a quick and simple process used in the
early days by manufacturers of cheap imitation jewellery, but this too, has disappeared and electro-
gilding is now used for the very thin coatings formerly obtained by immersion gilding.

In electro-gilding the article is made cathode in a bath of potassium auro-cyanide solution and any
thickness of gold coating may be obtained by regulation of the current input and time of gilding.

Gold Leaf.

The production of gold leaf dates back to earliest times and specimens of the art which are nearly
5,000 years old are to be found in the British Museum. To-day the leaf is much thinner than that
found in ancient Egyptian practice, but the method of manufacture is essentially the same and as in
the  past  the  final  processes  connected  with  gold  leaf  production  are  all  carried  out  by  hand
hammering.

Machinery in the form of highly polished steel rolls is only employed to reduce the cast gold plate
to sheet or ribbon of 1/1000 of an inch in thickness, and the subsequent reduction to the final
thickness of 4 millionths part of an inch is done entirely by hand. In the final process and where the
greatest skill is required the gold leaf is placed between very thin sheets of gold beaters skin and
hammered  for  5  hours  with  an  eight-pound  steel  hammer,  after  which  the  leaves  of  gold  are
removed, cut to size, and placed between the leaves of paper books.

During the passage of the gold ribbon after leaving the rolls the metal is untouched by hand.

The quality of the gold used in leaf production is usually 23 or 24 carat and for exterior gilding 24
carat gold is invariably used. As we know from examples of this in London – for instance, the Cross
of St. Pauls, Buckingham Palace and other notable buildings in this country, this gilt is well able to
withstand all climatic conditions of our great cities.

Various shades of gold leaf from white to red can also be produced by alloying other metals with the
gold to give a malleable alloy.

The actual value of the gold covering in the thinnest leaf form is, of course, almost negligible and
250 sq. ft. of leaf represents 1 oz. of the metal, or taking gold at £7 per oz., represents a value of
under 1/20d. per sq. inch. Hence it is widely used for everyday objects as, for example, in picture
frames, sign writing, the gilt labels in boots and hats, the edges of playing cards, and generally
speaking can be applied to any surface from paper to metal.

 Cathode Dispersion.

A very recent development in gilding is what is known as cathode sputtering or cathode dispersion.
The projection of metals  of high melting point in gaseous form from cathode surfaces in high
vacuum is a phenomenon that has been known for some time, but it is only in recent years that
certain applications of this process have been developed so as to be of commercial value and use to



industry  and  the  arts.  For  instance,  if  pieces  of  glass  are  placed  in  a  chamber  which  can  be
evacuated and within which are provided electrodes of gold, then on passing an electric current of
high voltage through the electrodes the gold will be dispersed and projected upon the glass with the
formation of a mirror of that metal, the film of which is less than one millionth part of an inch in
thickness. The same thing can be achieved with silver or platinum and mirrors so obtained have the
advantage over those produced by chemical  means,  in that  there are no chemicals absorbed or
contained in the surfaces. As the process is one in which there is very little or no heat in the metallic
gaseous stream it is possible to coat fabric or other organic material with a layer of gold or other
noble  metal.  In  this  way  gold  and  silver  cloth  can  be  produced  having  all  the  properties  and
suppleness of fabric with the metallic sheen and beauty of cloth surfaces made with gold or silver
wire. Moreover, the quantity of gold is very much less per unit surface and is equally brilliant.

Such coated fabrics can now be produced commercially in the usually saleable lengths in either
satin, laque or any other type of fabric used in the tailoring or dressmaking industry.

Liquid Gold.

An everyday and not unimportant use of gold is for pottery decoration and in this case the gold is
applied to the pottery in the form of liquid gold. The term “liquid gold” is a little misleading and is
in reality a solution of a complex organic gold compound in certain essential oils.

The first product in the preparation of liquid gold is the production of what is called gold lustre and
the final product as used in the Ceramic industry is obtained from this by addition of other materials
to modify the colour and assist the adherent properties. Also, certain resinous organic diluents are
added to give it the necessary viscosity. This is then applied to the pottery ware which is fired
usually in an electric furnace when the gold is left as a natural bright colour.

Matte surfaces are obtained by the use of solutions in which metallic gold is held in suspension and
is applied to the pottery in the ordinary way. The resulting matte surface after firing, is scoured with
fine silver sand or agate to produce the final effect. This is known as burnished or matte gold and
various shade effects may be obtained such as red, green or yellow by the addition of greater or
smaller quantities of silver.

Another form of application of gold to pottery and used chiefly for heavier and more expensive
decoration is by the use of “potters” gold. This gold is a specially prepared dark brown amorphous
substance which is  then amalgamated with mercury,  certain fluxes  added and ground to a fine
powder. This is applied with a mixture of resin and turpentine as a medium and afterwards the
article is fired and usually scoured. The amount of gold on pottery ware is, of course, small, but
generally speaking the thickness of the film of burnished gold is greater than that of ordinary liquid
gold while potters-gold gives the thickest films of all.

Besides the above there is a class of solutions widely used by the potter known as liquid silvers
which have no connection whatever with silver and are actually similar to the liquid golds, but
using gold and platinum, or gold and palladium to produce the silvery colour after firing. These
solutions are also used for producing electrically conducting surfaces on vitreous materials.

It may be interesting to know that the consumption of gold by the pottery industry in this country
for decorative purposes amounts to at least 20,000 ozs. per annum.



Rolled Gold.

Before leaving the subject of gold, a very extensive industry where the highly malleable properties
of this metal are made use of must be dealt with. I refer to rolled gold and as mentioned earlier in
this paper the industry was first started in Birmingham in 1817

In pre-war days rolled gold was chiefly a product of Germany and America, but today there is a
very modern and flourishing industry in this country capable of supplying all home and Empire
requirements.

The method of manufacture consists of soldering or welding a plate of gold of any carat on to a base
metal, bronze or nickel silver, or silver block usually about 6 inches square and 1 inch down to ¼”
thick. The covered block is then rolled out to the required thickness giving a sheet having a basis
metal with a thin uniform covering of the gold alloy. The ratio of the thicknesses of the original
block and gold plate remains constant throughout the rolling, and therefore, the final sheet can be
made to contain a gold covering of any thickness or value required by modifying the thicknesses of
the original gold plate and base metal or silver block.

Plates of carat gold may, of course, be soldered on to both sides of the block giving a final sheet
consisting of a core of base metal or silver with a complete covering of gold.

In this way very thin rolled gold sheets can be produced even down to .006 of an inch. It can also be
pressed into seamless tube or after the introduction of a metal core into the tube, drawn into wire
down to .012 inch. Various shades of colour, as for example, white, red in addition to the usual
yellow shades, can be produced by alloying the gold with suitable metals.

The articles for which rolled gold is used are many and include everyday articles such as pencils,
spectacle frames and the cheaper forms of jewellery. The wearing qualities, especially in the case of
the more expensive rolled gold products, are of a high order and in these cases the thickness of the
gold covering reaches a maximum of .01 inch. Very thin coverings of gold as in the cheaper grades
where the thickness of the covering may be as low as 1/50,000 part of an inch and used in the toy
and trinket trade, are, of course, liable to abrasion and corrosion and quickly expose the underlying
base metal. However, the ordinary rolled gold products offer a very cheap and effective method of
obtaining the pleasant decorative properties of gold for general use.

Silver.

History and Occurrence.

Silver has a very ancient history, and like gold, is mentioned in the earliest writings as being used
for ornamental purposes and as a basis of exchange.

The world’s production in 1933 amounted to nearly 5,500 tons.

The mining of silver is by no means the prosperous industry it once was, and at the present time
much of the silver which is produced is obtained as a by-product in the recovery of other metals,
e.g., Ni. Cu, Zn and Pb in the ores of which silver occurs in very small quantities along with still
smaller quantities of gold and probably the platinum metals. There are, however, still several mines,
chiefly in Mexico, where the silver ore is obtained and treated. The metal in these ores is generally
found as the sulphide, although ores of the halides are by no means uncommon. Silver is also found
in the free state and even in sea water to the extent of 1/10 gram per ton.



Extraction.

Silver is extracted from the sulphide ores by smelting methods in blast or reverberatory furnaces,
either as a copper matte or a lead bullion which are then further treated by Bessemerising to Copper
in the case of copper matte, and by cupellation in the case of the lead bullion, Other methods of
recovery of silver are by amalgamation, cyaniding and leaching, the amalgamation method being
the one usually carried out in Mexico.

In all cases, whether the metal is obtained from the ore or as a by-product in the recovery of base
metals, it is never obtained in the pure state and passes to the silver refinery for final treatment and
purification as in the case of gold.

Modern sources of Silver.

It should be mentioned in dealing with the production of silver that a large source of silver which
has comparatively recently become available is that resulting from the demonetisation of silver in
many countries and the debasement of the quality of the silver coinage. Our own coin, for example,
is now only 50% quality instead of the original 92.5 quality, thus liberating a large quantity of silver
for other purposes. Another present-day source results from the accumulation of enormous surplus
stocks of silver coins which were minted during the war to deal  with the extraordinary labour
conditions all over the world arising from war requirements.

Refining.

The silver bullion received by the refinery from any or all of the above sources may vary in purity
from 50—92°% silver containing either gold or the platinum metals or both, and the choice of the
method of refining is determined by this initial purity and composition and the character of the base
metals also present.

Three methods of refining are available:
1.  Metallurgical  Process  -  Where  the  bullion  is  cupelled  with  lead  on  a  large  cupellation

furnace.
2. Chemical Process. - Where the silver is dissolved in hot strong sulphuric acid along with

other soluble metals present, and the silver subsequently separated by precipitation with copper or
iron.

3. Electrolytic Process. - Where the impure bullion is made anode in an electrolytic cell and
pure metallic silver is deposited on the cathode.

A description  of  these  would,  I  think,  be  out  of  place  this  evening,  as  all  these  processes  are
described at length in any good metallurgical text book. It should be mentioned, however, that the
cupellation  method  which  is  the  oldest  silver  refining  process,  is  unsuitable  for  silver  bullion
containing gold or platinum metals as these metals remain with the silver and the complete recovery
of these is only possible in the electrolytic process where gold and platinum metals are concentrated
in the anode slimes which are collected periodically  for subsequent  recovery of these precious
metals.

 Properties of Silver.

Silver, like gold, possesses the highly valuable properties of being extremely malleable and ductile,
though to a less degree than gold. It is also resistant to many acids, e.g., hydrochloric and organic
acids  generally,  and is  non-oxidisable at  ordinary or  high temperatures.  It  is,  of course,  highly
conductive, electrically and thermally. The melting point of silver is 960.5°C., and it has a specific



gravity varying between 9.6 - 10.5 according to the previous mechanical and thermal treatment of
the silver.  The action of sulphur on silver  is  generally well-known and the tarnishing of silver
articles in the atmosphere, due to the formation of the dark silver sulphide compound, has led to
much research on the production of a non-tarnishable silver. This will be referred to later.

 Absorption of Oxygen.

A very interesting and unique property of silver is its ability to absorb large quantities of oxygen
when in the molten state Pure molten silver just above its melting point will absorb 20 times its own
volume of this gas which is practically all liberated during the subsequent solidification of the metal
resulting in a “spit” which covers the whole of the exposed surface of the cast bar. The effect of this
on the silver is to causes sponginess and brittleness and renders the silver completely useless for
most industrial purposes. During the melting of fine silver, therefore, it is essential to thoroughly
deoxidise the molten mass, and fortunately, this can be carried out comparatively simply by adding
charcoal in sufficient quantity to completely cover the surface of the silver and allowing to stand for
5 minutes. Removal of the last traces of oxygen can only be carried out by a metallic deoxidiser,
e.g., copper phosphide or magnesium.

Alloys.

Many of the important uses of silver are confined to its alloys with the precious metals, gold and
platinum, and with base metals, the chief of which is copper, and of them the best known is what is
called Standard or Sterling silver containing 92.5% Ag. and 7.5% Cu. This alloy was, until 1920,
the legal standard of British coinage, but this is now debased to a 50% silver alloy. For silver ware
generally, however, the sterling alloy is the one used and as such receives the “hall mark” of quality.

Another alloy known as Britannia Silver and containing 96% Ag. with 4% copper was formerly
almost exclusively used for silver ware and received the well-known Britannia mark which is still to
be observed on old pieces of silver. At the present day there is only a small demand for this alloy
and is used chiefly in the reproduction of old silver ware of that quality.

There are, of course other alloys of silver in common use for coinage and plate, but these find an
outlet chiefly on the Continent where an alloy containing 83.3% Ag. with Copper is largely used.

Non-tarnishable Silver.

During recent years a considerable amount of work has been carried out on the sterling alloys of
silver with a view to producing a non-tarnishable product which can still receive the hall mark. The
base metals added to produce the effect have been chiefly nickel, cadmium, zinc, antimony and
manganese,  and very extensive tests  and trials  have been carried out.  Results,  however,  on the
whole have been disappointing and a sterling silver alloy completely resistant to tarnishing is not
yet available. The most successful of the alloys to date is an alloy containing 7.2% manganese
with .3% aluminium, and this is almost completely non-tarnishable, but for reasons of policy the
attempt to put this on a commercial basis did not materialise. At present, therefore, the permanent
bright effect so largely sought after by the users of sterling silver ware can only by obtained by
electroplating the object with a metal such as platinum or rhodium.

Silver Solders.

An important series of silver alloys which have found considerable use in industry are silver solders
which are used for all purposes where highly reliable joints are essential. The composition of these
solders varies considerably and may contain as low as 10% silver, or as high as 80%. As solders



they are free flowing and have the highly desirable properties of high malleability and ductility.
They also have a high tensile strength with a comparatively low melting point between 700°C., and
750°C. Zinc and copper are the chief base metals used for alloying purposes, but other solders
contain, in addition, varying amounts of tin and cadmium,

A new class of solders which have recently become available are  the manganese-silver  solders
containing 60%, silver, 30% copper and 10% manganese, or slight variations from this, and are
specially suitable for all classes of work upon stainless steels and monel metal. Another class of
silver solders which are an improved substitute for the ordinary soft solders contain 5 – 20% silver
with tin as the base metal, and have the very low melting point between 300°C. - 400°C,

An unusual silver brazing alloy which should be mentioned is one sold under the name of “Silfos” -
patented in America a few years ago - and differs from all other silver solders in that it contains 5%
phosphorus in addition to silver and copper and has a melting point of only 710°C. It is very free
flowing, penetrates quickly and alloys with adjacent metal, making strong, sound, ductile joints.
These joints show an average tensile strength of 33,000 lbs. per sq. inch with an elongation of
17.2%, in 2 inches.
 
Silver in Chemical Plant.

Within  recent  years  the  use  of  silver  in  chemical  plant  has  shown considerable  development,
especially in the food trades where it is essential that the materials should be prepared under the
utmost cleanliness and free from any possible taint resulting from metallic corrosion during the
various stages of preparation. The properties of silver make it an ideal metal for such purposes as,
speaking  generally,  organic  acids,  and  fruit  juices  have  no  effect  whatever  on  the  metal.
Undoubtedly the original cost of the silver plant is high, but it must be remembered that the scrap
value of the plant  is  usually  at  least  70% of  the original  cost  and hence such plant  should be
regarded rather as a lock-up of capital than an actual expenditure.

The silver used for all chemical plant is electrolytically refined metal of at least 9997 fineness and
free from base metal impurities, which are undesirable where autogenous welding forms part of the
fabrication  of  the silver  utensil.  Fine silver  can,  of  course,  be made into  tubes  up to  2 inches
diameter, wire down to .0005 inch and sheet down to transparent thickness. So that the metal is
available for any purpose connected with chemical plant.

An example of the application of silver plant is in the acetic acid industry where the very corrosive
action of acetic acid at the moment of condensation is liable to cause considerable corrosion of the
condenser coils. These were formerly made of copper but have now been replaced to a large extent
by silver coils which completely withstand the corrosive action of the acid and also owing to their
higher thermal conductivity can be made much smaller than the original coils of copper.

Silver in Industry.

It may be of interest to mention that with a view to encouraging the consumption of silver and its
alloys  in  industry a  research  associateship  has  recently been established at  the U.S.  Bureau of
Standards  by  silver  producers  and  those  immediately  interested  in  its  development  as  an
engineering material. Their progress reports have already reviewed the possible range of usefulness
of  silver  and  emphasize  the  large  and  promising  field  that  awaits  the  metal  in  the  food
manufacturing and kindred industries in the fabrication of plant where linings of silver may be
made use of. This lining would be either loosely fitting into the vessel or an electrodeposited lining,
or a lining known as “duplex” or rolled silver. Of the three types of lining the rolled silver sheet is
superior,  being non-porous,  and plant  of this  material  can be fabricated into any shape or size



required, provided a suitable base metal backing is used. The Bureau is also investigating the effect
of small quantities of silver upon other metals, e.g., tin and lead. In the case of a tin-silver alloy
containing 3.5% Ag, they find that the tensile strength of the alloy is in excess of 5,000 Ibs. per sq.
inch, whereas pure tin gives a value of only 2,000 lbs. per sq. inch. Pipes of the same material
specified as 2-inch and 5 ozs. per ft. were also tested for bursting pressure and showed a value of
2,550 Ibs. per sq. inch, whereas the pressure for a pure tin pipe was 1,700 Ibs. per sq. inch.

In the case of the lead alloys their results show, although the investigation is by no mean completed,
that alloys containing not less than 5% Ag, are definitely more resistant to the corrosive action of
sulphuric acid than pure lead.

Silver is now finding application in the addition of the metal to pewter to the extent of 8.5% and
also in relatively small quantities as an alloy with cadmium and copper for bearing metal in the
automotive industries. This Cd-Cu-Ag alloy is reported to give a higher factor of safety at the high
operating speeds and elevated crankcase temperatures in modern engines.

An interesting effect of very small quantities of silver on the annealing temperature of copper has
recently been investigated. It has been found that copper containing .05% silver begins to soften at
350°C.  and  is  complete  at  about  450  C.,  while  the  approximate  range  of  annealing  of  pure
electrolytic copper is 200-300°C. This finds an interesting application in the use of argentiferous
copper wires for electrical transmission. With ordinary silver free copper wire, it is found that it is
completely softened over a period of time at temperatures as low as 100-150°C., but the addition
of .05% Ag. has the effect of raising this softening temperature beyond that to which the wire is
likely to attain as a conductor of current. This small quantity of silver added has no effect upon the
mechanical properties of the copper or upon its conductivity.

Other applications of this argentiferous copper is in the use of this alloy for fire box stays and
plates,  commutator segments for motors,  tubes  and sheets which subsequently have to  undergo
soldering or tinning operations which are likely to raise the temperature of the copper in excess of
200-250°C.

Castings.

Silver or its alloys can be cast into any shape or mould, but apart from special pieces there is little
demand for this, presumably owing to the high cost of the metal. However, there is a call for small
castings  such  as  handles  and  feet  for  silver  ware,  cocks  and  valves  for  chemical  plant  and
presentation models generally. Silver can also be granulated by pouring the molten metal into water
(Fig. 1).

Silver Plating.

The use of silver in the plating bath is no doubt familiar to you all, and this accounts for quite a
large annual consumption of the metal. Within the last few years considerable improvement has
been made in the silver anode of the bath and the greater purity of the metal now used - usually
9997 quality  together  with  the  special  heat  treatment  of  the  anode  sheet  have  reduced  anodic
troubles such as pitting and the formation of black anode slime to a minimum. As a result,  the
solution of the silver anodes proceeds perfectly uniformly and can be kept in the plating bath until
the original sheet is merely a thin gauze representing a scrap figure as low as 3%.



Photographic Films and Plates.

The industry which is responsible for by far the greatest industrial consumption of silver is the
photographic film industry and the increased use of silver for this purpose during the last ten years,
is due almost entirely to the increased popularity of the cinema film. In this country in particular,
consumption  has  increased  considerably  since  the  cinema  film  producing  companies  received
protection under the Films Act of 1927, which ensured in future years an increasing quota for
British films in cinema programmes in this country,

The silver for the production of silver nitrate and finally silver bromide as required by the film
manufacturers must of necessity be of very high quality and the usual assay of such is 9999, This is
dissolved in nitric acid and pure nitrate of silver is crystallised out, washed and converted into the
bromide. Exceptional care has to be taken to obtain the silver nitrate free from copper, lead, organic
matter, nitrites, sulphur and free acid as the presence of one or more of these affects the speed and
quality of the resulting film or plate  to  a very marked degree.  The preparation of the bromide
emulsion  and subsequent  stages  of  the  production  of  the  film are  usually  carried  out  in  silver
equipment where extreme cleanliness and freedom from contamination of other metals and bacteria
are possible.

Some idea of the vast industry of photographic film production and the part silver plays in this
production will be understood when it is stated that in the U.S.A alone at least 200 tons of silver are
used every year for this purpose. There are also big film producing companies in this country and
on the Continent, so that it is safe to say that the annual consumption. of silver in this way is at least
400 tons.

As a matter of interest, it may be mentioned that quite a considerable quantity of silver is annually
recovered  from spent  films,  general  waste  products  during  their  manufacture  and  from fixing
solutions, and this is refined and again placed on the market.



Glass Silvering.

Mention must be made of a further outlet for silver in the glass silvering trades and familiar to
everybody as the ordinary mirror. This mirror effect is produced by the precipitation of silver from
its solution by means of some suitable organic reducing agent upon one side of a plate of glass. In
the actual silvering process nitrate of silver is dissolved in distilled water and ammonia added until
the precipitate of silver hydroxide just redissolves. To this solution is added a definite quantity of
the reducing agent, such as sugar dissolved in water, formalin, or a solution of rochelle salt, and the
mixture poured over the horizontal surface of the glass. In this way a film of the mixture about 1/16
inch thick completely covers the glass surface and after a short time depending upon the strength of
the  solution  used,  the  precipitation  of  the  silver  commences  and is  usually  completed  in  8-10
minutes. Various mirror tints from light to dark can be obtained by altering the strength of solutions
or controlling the length of time precipitation is allowed to continue. The silvering may be carried
out in either hot or cold solutions, but for successful work, it is essential to have the surface of the
object scrupulously clean and polished. The silvered area is afterwards thoroughly rinsed in distilled
water, dried, varnished and backed. The small specks which are sometimes seen to develop and
grow on mirrors usually owe their beginning to insufficient cleaning of the original surface but may
also be due to dust or impurities suspended in the solutions used.

Oligo-Dynamic Action of Silver.

An interesting biological property of silver discovered within the last fifty years, and one which is
now being taken advantage of, is its effect upon bacterial life. Certain metals, particularly silver and
copper, are found to possess what is called Oligo-dynamic action which simply means that minute
traces of these metals in solution in water are able to kill any existing bacteria in the water, and
further, that the water is rendered sterile to further contamination by bacteria.

Silver possesses this  property in  a marked degree and of the metals  known is  by far the most
bacteriacidal.

The quantity of silver in solution is, of course, very minute and one part in a 100 million, a quantity
which is undectable by ordinary analysis,  is apparently sufficient to exhibit  this  Oligo-dynamic
action. This Oligo-dynamic property, in the case of silver, is considered to be due to ionisation,
resulting from a film of active oxygen - adsorbed or otherwise - on the surface of the metal, and the
silver ions formed are capable of adsorptive union with the protein of bacteria causing dehydration
and death.
Commercial application of this action of silver has already been carried out for the sterilisation of
water and foodstuffs by what is known as the Catadyne process (Figure 2.) where the material to be
sterilised is brought into contact with or filtered through the Catadyn medium consisting of sand, or
other suitable material impregnated with metallic silver in a very finely divided active state. Owing
to the limitations of this process, however, an electro-catadyne process has been developed where
the ionisation of the silver is caused by electrolysis, the electrolyte consisting of the liquid to be
sterilised.

A direct and interesting application of the electro-catadyne method in this country is the treatment
of the water of public swimming baths. The water thus treated is entirely unaffected in any way and
has none of the disadvantages of chlorine treated water. Actual plants in operation are those at the
Derby pool at Wallasey, and the baths at Roehampton, and at both these places the water was kept in
perfect condition with low bacteriological counts in spite of the very heavy bathing loads during the
past summer. In the actual carrying out of the sterilisation an electrolytic cell is fitted into a by-pass
pipe connected with the main circulating system, so that a portion only of the circulating water
receives the silver ions which, however, are sufficient for the sterilisation of the whole volume.



The electrodes are of fine silver and the amount of silver passing into solution is regulated by the
current input.

There  are  also  various  catadyne  and  electro-catadyne  plants  in  use  in  parts  of  Europe for  the
sterilisation  of  drinking  water,  vinegar  brewery  waters,  beer,  mineral  and  table  waters,  dairy
products and for food preservation in general. The degree of activation required varies according to
the  particular  sterilisation,  but  from  published  accounts  varies  between  25  milligrains  to  500
milligrains per metric ton of water.

 

Conclusion.

In conclusion, 1 would like to acknowledge my indebtedness to various firms for kindly supplying
information and lending various samples. These include Messrs. G. M. Whiley & Co. Ltd., gold leaf
manufacturers, Messrs. Cathode Corporation Ltd., for their samples relating to cathode dispersion,
Messrs. Silica Gel Ltd., and Messrs. Johnson Matthey & Co. Ltd. For the loan of lantern slides I am
indebted to The Royal Mint, Mr. G. R. Hughes, of the Worshipful Goldsmiths’ Co., Mr. Augustus
Steward, of “The Watchmaker & Jeweller, Silversmith & Optician,” and Messrs. Candy Filter Co.
Ltd.

Finally, I wish to thank Mr. Donald McDonald of Messrs. Johnson Matthey & Co. Ltd., for
placing at my disposal all his collected information, papers, and data relating to the precious metals,
and Mr. D. Northall-Lourie for information on the cathode dispersion process.



EDITORIAL



THE KROLL PROCESS

These of us who were privileged to hear Dr. W.J. Kroll the inventor of the process for the reduction 
of titanium from its ores which bears his name, deliver the lecture on titanium, which is published 
in this issue, came away with the impression that the occasion had been outstanding in the history of
the Birmingham Metallurgical Society. In fact, it can be claimed that the occasion was unique in 
that as far as I am aware it was the first time that the Society had been addressed by a foreign 
scientist and certainly the first time it had listened to an inventor of a process of such metallurgical 
importance, describing his pioneer work

Born in Esch/Alzelte in Luxembourg in 1888, Dr, Kroll studied at the Technische Hochschule
in Berlin-Charlottenburg, receiving his degree in 1918 after submitting a thesis on pure boron. After
leaving the university, he specialized in the study of rare metals. Two industrial processes are based
On Dr. Krolls early researches, the production of calcium-lead by reacting calcium carbide with
lead,  and the refining of bismuth-lead by calcium. In 1924 he founded his own laboratories in
Luxembourg and remained there for sixteen years. Just before the last war Dr. Kroll went to the
United States and became associated with the Union Carbide Research Laboratories at  Niagara
Falls.  In  1945 he  undertook research  work  on behalf  of  the  U.S,  Bureau of  Mines  in  Albany,
Oregon.

The name of Kroll is connected with a number of achievements in the field of metallurgy,
Included among these are the fluoride reduction process for beryllium metal, and the production of
hot  malleable  Manganese  and  chromium,  but  his  main  discoveries  are  concerned  with  the
production of malleable titanium and zirconium, The basic idea underlying these processes was
worked out as long ago as 1936, when he was in Luxembourg, but their application on an industrial
scale did not take place until after he had joined the Bureau of Mines.

Despite all difficulties, and those that Dr. Kroll has had to face have been no mean ones, he has,
with true scientific courage, persevered until his goal was reached, His singleness of purpose should
be an example for us all and I am sure that the members the Birmingham Metallurgical Society will 
feel as honoured as I do that their Journal should be privileged to carry this record of an outstanding
metallurgical development.

L.G. Beresford.



TITANIUM

 W. J. Kroll
(Consulting Metallurgist, Corvallis, Oregon, U.S.A.)

(A Lecture delivered to the Midland Metallurgical Societies, September 27th, 1954)

It has been said that the birth of titanium was the greatest event in non-ferrous metals metallurgy
since the introduction of the Hall-Héroult process of aluminium electrolysis. At present the total
capital investment in the titanium industry may amount to 300 million dollars, and some people
predict that it will ultimately reach the 10-billion-dollar mark. This is advanced only to define the
Importance of this subject.

Progress in developing titanium was not fast, however, until a few years ago, and the short historical
review that follows shows that titanium has not been created by a single man, but by the exertions
of many. More than a century ago, Berzelius1 and his followers reduced potassium fluotitanate with
potassium and obtained a blue metal powder that was heavily oxidized and nitrided. Nilson and
Petterson2 reduced, in 1887, titanium tetrachloride with sodium in a bomb and, probably because of
a leakage, obtained only a nitrided powder metal. In 1910, Hunter3 copied this method with more
success since he obtained titanium granules which he described as hot malleable but brittle when
cold. Nevertheless, Hunter may rightly be said to have been the first man who produced a somewhat
ductile titanium,

Thanks  to  the  pioneering  work  of  Van  Arkel  and  de  Boer4 who  developed  the  famous  iodide
dissociation  method,  the first  quantities  of  the  pure element  were made available,  and its  cold
ductility was fully recognized, This refining method was not new in principle since it had already
been proposed for the production of zirconium and tungsten by Weiss,5 but the equipment devised
by the Dutch scientists was so ingeniously conceived that up to now hardly anything better has been
developed for the refine of raw sponge to a high purity metal. Going back to the reduction methods,
Schubert and Schmidt6 in 1892 reduced titanium tetra chloride with magnesium filings under carbon
dioxide but they, of course, could not obtain anything but a black oxide powder.

The  author’s  first  experiments  with  the  reduction  of  TiCl4 under  a  noble  gas,  at  substantially
atmospheric  pressure,  in  which  double-distilled  calcium  was  used  as  a  reducing  agent,  were
performed on June 17, 1937, and on June 30 of the same year a switch to the cheaper magnesium
was  made.  This  was  preferred  to  sodium for  other  than  price  reasons.   The  author’s  idea  of
pressureless reaction was used at about the same time by Freudenberg,7 who reduced TiCl4 with
sodium in  a  salt  bath  under  hydrogen,  which  gas  was,  of  course,  not  neutral  to  the  titanium
obtained. If  Freudenberg had deoxidised carefully his KCl/NaCl flux,  and if  he had substituted
argon for hydrogen as a neutral gas, he would no doubt have obtained cold ductile titanium. The
results of the author’s experiments were published in 1940 and patents were obtained at about the
same time.8 A schematic drawing and a picture of the equipment used are shown in Figs. 1 and 2.
The  industrial  counterpart  can  be  seen  in  Fig.  3,  which  represents  a  1,500-pound  rector  at
Henderson, Nevada.

In 1939, while working with zirconium in Luxembourg we developed the vacuum separation of the
magnesium chloride produced in the reduction. At the same time a change was made from vacuum
sintering of the leached sponge turnings to von Bolton’s arc melting9 on a water-cooled copper plug
which was seen in use at the plant of Siemens Halske. The author, however, worked with thoriated
tungsten electrodes in a vacuum broken by a small amount of argon, and the furnace was all metal
instead of glass. In 1938 almost all the present days alloys were being made and HF/HNO3 solutions
were introduced as an etchant to study the metallographic structure of titanium. In 1946, having



developed the present-day zirconium reduction process at  the U.S.  Bureau of Mines Station in
Albany. Oregon, an arrangement was described10 for industrial high temperature vacuum separation
of  the  salts  from the  sponge,  which  was  at  once  adopted  by  most  of  the  American  titanium
producers.



   
     
 
 
   
  
  
  
 
 
 
  

In 1942 the U.S. Bureau of Mines in Boulder City, Nevada started work with the Kroll process on
the basis of a vast project laid out by Dr. Reginald S. Dean, to investigate the possible uses of
American ores. It is to the merit of Mr. F. S. Wartman, previously metallurgist at Boulder City,
Nevada, to have industrialised the process, with the large means put at his disposal by the U.S.
Federal Government. But even without this magnificent help the necessities of the atomic project
would have independently started a titanium industry. The time was ripe for the birth of that metal
with an almost unlimited ore basis.



The  fate  of  great  authors  in  finding  their  early  manuscripts  refused,  and  later  recognised  as
masterpieces, was not spared the inventor of the magnesium reduction process, as appears from the
fact that in 1938, on a trip to the United States, an attempt was made to sell the process to six of the
first non-ferrous metal firms in that country, those efforts were ignored. What was worse, litigation
had to be instituted against the U.S. Government for over five years, to get the seized patent rights
back.  The  question  of  a  refund  of  research  investment  and  litigation  expenses,  fro  royalties
accruing, remains uncertain at the present time.

Before describing the main production process used industrially,  a few salient facts of titanium
chemistry and metallurgy will be glanced over. The difficulties encountered in reducing titanium to
a ductile metal, result mainly from its high affinity for nitrogen and oxygen, and to some extent also
from its multivalency. Since the aforesaid gases cannot be removed from contaminated metal by a
high affinity scavenger, and since even melting in vacuo in presence of carbon does not deoxidise it,
care must be taken not to bring it in contact with air constituents at elevated temperatures. This
involves the use of a good vacuum or of a highly purified noble gas as a blanket, when heating the
metal for a time above 800oC., and especially when melting it down. The multivalency causes the
formation of low valency compounds with different physical properties and variable solubilities in
fused  carrier  salts.  This  creates  many  difficulties  in  reduction  processes  and  in  the  fusion
electrolysis.

Ore Concentration

The main titanium ores available in quantity are rutile and ilmenite. The first is an oxide containing
usually 95-98 Per cent TiO2,  the second an iron titanate with upwards of 32 per cent TiO2,  the
balance being, besides iron oxide, CaO, MgO, MnO, Al2O3 and SiO2, In 1953 the world supply of
rutile reached 42,000 tons and most of it went into welding electrodes and in enamels, for which it
is  irreplaceable.  On the other hand, the ilmenite  supply,  in the same year,  was of the order of
800,000 tons, mostly were used in pigment and ferroalloy production.

While the supply of rutile is rather short and not indefinitely expansible, that of ilmenite within easy
reach of transportation, is unlimited, the Canadian deposits at Allard Lake alone exceeding 300
million tons. It is evident, that if the new titanium metal industry has prospects of expanding to
100,000 tons/year, ilmenite is the only source of ore to be seriously considered as a raw material
base. To use ilmenite however, presupposes that the problem of iron removal, by simple and cheap
methods, can be solved. To use sulphuric acid for iron elimination is today a paying proposition for
the production of expensive titanium oxide pigment, and, at the present high prices paid for titanium
sponge, this method may even be considered temporarily for the production of a raw titanium oxide
to be used for processing to the chloride and to the metal, because it permits short cutting the many
chlorination difficulties resulting from the presence of impurities. However, neither is the present
pigment plant capacity available for this purpose nor could one think of dumping the enormous
quantities of iron sulphate obtained as a waste, and there is no economical process available today
that might permit recycling this sulphate to sulphuric acid and to produce a marketable iron oxide
from it.
Direct chlorination of ilmenite produces iron trichloride besides TiCl4. It would be impossible to
dispose of the large quantities of FeCl3 produced, despite the fact that there is a big market for it in
sewage disposal. It would have to be processed in view of at least reclaiming its chlorine content,
but burning it up with oxygen, as has been suggested, awaits the solution of the many problems
which this proposition raises.

The only iron separation process in view is the selective arc furnace reduction of the iron with
production  of  semi-steel  or  cast  iron  besides  that  of  a  high  titanium  slag  suitable  for  the
chlorination. This suggestion is worth examining. It has been known for a century that a few percent



of titanium oxide in the slag of a hot blast furnace causes difficulties with the fusibility. However, in
a cold blast shaft furnace or cupola, easy running slags with 35 percent TiO2 have been made when
adding  fluxes,  In  the  arc  furnace  where  higher  temperatures  can  be  obtained,  less  trouble  is
encountered with stiff slags, but fluxes have to be added if the ore itself does not contain enough
fluxing constituents. This appears from the publications of Volkert,11 Stoddard12 and Knoerr.13 The
first of these proposed additions of lime/soda ash, which are both obnoxious if a chlorination is
considered as the next step.

A systematic  study  of  fusibilities  and  constitution  diagrams  of  titanium  slags  by  Sigurdson,14

Armand15 and Moore16 has thrown some light on the problem, but unfortunately lower valency slags
as  produced  industrially,  have  mostly  been  left  out  of  consideration,  as  well  as  the  possible
formation of nitrides and carbides, which the iron metallurgist claims to be the main titanium slag
stiffener

These authors found the following lowest melting points in TiO2 oxide mixtures: 1450°C. with 18
per cent CaO; 1705oC with 20 per cent Al2O3; 1606°C. with 8 per cent MgO and 1540oC with 20 per
cent SiO2. Alumina has been shown to be obnoxious in quantities above 10 per cent because it
narrows the field of fluidity in ternary and quaternary systems. Silica would, to a large extent, be
reduced to silicon, which would contaminate the iron and the part left in the slag would partially be
chlorinated in the next step. The fluxing effect of CaO appears only when large amounts are added.
The best choice of a flux is MgO, which may already be present in the ore in sufficiently large
quantities to bring about fusibility. 

Typical slags obtained in the operations at Sorel13 contain for instance, 71.9 per cent TiO2, besides
5.2 per cent MgO. Some ferrous oxide, 5-10 per cent, must be left behind in the slag to avoid
formation of lower titanium oxides of reduced fusibility. Such slags have been tried in chlorination
experiments,  but  it  was  found  that  the  CaO  and  MgO  form  the  respective  chlorides,  which
impregnate the briquettes of the charge, film their surface and make the core less accessible to the
chlorine. 

Chloride residues. mixed with carbon and silica, pile up in the chlorinator, which must be cleaned
from time to time. Exposure of the chlorinator walls to air causes moisture pick up and liberation of
wet HCl, when starting the operation again. This may lead to heavy attack on the iron parts of the
TCl4 condensing system and plugs of hydrolysed chlorides may form in the pipelines.  The volatile
chlorides  obtained  besides  TiCl4 such  as  AlCl3,  and  FeCl3,  are  difficult  to  condense  and  their
formation consumes chlorine. A 70 per cent titanium oxide slag needs an additional minimum, of 30
per cent chlorine beyond what is necessary for the chlorination of the titanium present,  for the
formation of parasitical chlorides of iron, calcium, magnesium, aluminium, manganese and silicon,
which contaminate the batch in the form of oxides.

Some of  the  previously mentioned difficulties  with  cleaning might  be overcome by an airtight
automatic  mechanical  removal  of  the  residues  from the  chlorinator.  The chlorine  losses  to  the
parasitical  chlorides can be reduced by oxygen injection in the lower part of the chlorinator as
suggested by the I.G. Farbenindustrie. The main effort is, at present, directed towards upgrading or
elimination of slag constituents in the arc furnace at high temperature by volatilization, and toward
using ilmenites with a low impurity content other than iron for the production of suitable slags.
Simultaneously a slag, rich in TiO2, is produced which disintegrates on cooling and which is quite
exothermic on chlorinating. Since pure TiO2 melts at 1840°C. and since no melting point below
1550°C.  has  been observed in  the  system titanium oxygen,  the  refractory  problems facing  the
electro-metallurgist in slag upgrading are considerable. On the other hand, the now available 70 per
cent  TiO,  slags  could  also  be  processed,  after  iron  separation  by  magnetic  means,  to  carbide,
whereby the CaO, MgO, part of the Al2O3 and SiO2 could be volatilized, but a power consumption



of about 10kWh/kilo carbide could be expected in 1000 kW arc furnace units for this operation. The
chlorination of this product could be greatly simplified, since a water-cooled iron shell could be
used in which the self-sustaining reaction with chlorine proceeds.

The iron winning side in the arc furnacing of ilmenite is not brilliant. The iron obtained, which is a
semi-steel or pig-iron, contains most of the sulphur of the ore, usually upwards 0:5 percent, which is
costly to remove. It 1s quite probable that present attempts at concentrating the TiO2 content in slags
beyond 70 per cent will result in the creation of products that can compete with commercial grades
of rutile as a feed for chlorinators.

Chlorination

Relatively little has been published about the chlorination of rutile or slags, except in a Fiat Report
on pre-war German practice.17 In  general  the titanium-bearing material  is  ground to 200 mesh,
mixed with ground charcoal or petrol coke and pitch, briquetted and baked at temperatures of 500 –
800oC. The Henderson, Nevada plant18 of the Titanium Metals Corporation does not briquette but
pours the paste mixture on a rotating hearth which passes through a brick-firing kiln. Conditions in
baking are critical  for the next step,  that of chlorination.  If  the baking temperature is  not  high
enough,  residual  hydrogen  originating  mostly  from  the  pitch  brings  about  the  formation  of
excessive quantities of HCl in the chlorination, which, besides causing chlorine losses, create also a
disposal  problem  of  HCl.  Usually,  the  batch  is  charged  medium  hot,  but  in  the  chlorinator,
especially if no extra heating means are provided.

The IGFarbenindustrie17 add some excess carbon and use oxygen to maintain the heat balance of
their  unheated  chlorinator.  The  usual  chlorinators  for  magnesium chloride  production19 can  be
employed, which provide for internal heating with electricity passed through graphite bricks. This
gives more suppleness when starting and during the operation. No information is available as yet as
to current experiments with chlorination in a fluidised bed.

The chemistry within the chlorinator is rather complex. The carbon added to the batch should, for
reasons of economy, produce in preference CO2, while the titanium liberated in the reduction should
combine with the chlorine present to form anhydrous TiCl4. In reality CO also forms besides
CO2 and the operation, when adding a large excess of carbon can even be directed so as to yield
mostly CO besides chlorine.  The height of the batch has some bearing as to the CO2/CO ratio
obtained since the carbon present is a reducing agent for the carbon dioxide. The temperature at
which the chlorination takes place also has its bearing on the CO2/CO ratio, a high temperature
favouring the production of monoxide. A chlorination with exclusive CO2 formation liberates three
times more heat than if CO alone was produced. Free CO may combine with excess chlorine to
form COCl2, at medium temperature.  This gas in itself a powerful chlorinating agent and as such it
may penetrate the batch and contribute largely to chlorination and reduction

It is evident that the chlorination by such a gaseous reducing agent is more efficient than that by a
solid carbon and chlorine mixture, since the latter relies entirely on a carbon contact for its success.
However, phosgene is increasingly dissociated above 560oC, so that its action is limited to the upper
and cooler section of the batch. Naturally free CO may also act as an independent and penetrating
reducing reagent,  and the iron liberated by reduction may then react quite easily with any free
chlorine  present.  There  is  also  a  more  universal  interchlorination  and  interreduction  of  the
compounds contained in the batch or formed from it. It is known, for instance, that TiCl4, is a good
chlorinating agent for Fe2O3

20 and the oxygen of the iron is switched to the titanium whereby, in
equilibrium reaction, FeCl2 is liberated. SiCl4 is quite as efficient for the chlorination and reduction
of metal oxides as is TiCl4

21. Also, TiO2 may lose some oxygen above 1200oC., by dissociation or



reduction, which temperature may be reached locally, and the lower titanium oxide so produced is
capable of reacting back with iron oxide, forming TiO2 again and liberating iron.

Silica, if present as such, is hardly attacked by carbon and chlorine below 1000°. but any silica tied
up in double compounds, such as aluminates is chlorinated together with the other oxide partner.
Alumina is mostly chlorinated and volatilized as chloride. The oxides of manganese, calcium and
magnesium are easily chlorinated by chlorine in presence of a reducing agent, thus causing losses of
the halogen. In this respect the presence of hydrogen in the batch is much more detrimental because
of the low atomic weight of this element which ties up 35 times its own weight of chlorine. All
these reactions are temperature dependent.

The condensing system behind the chlorinator is usually provided first  with a hot cyclone dust
chamber, in which flue dust is deposited, followed by a condenser chamber for the iron chloride,
held at about 220°C. A silica brick-lined iron tower filled with porcelain pebbles is used next to
condense TiCl4 and residual AlCl3 and FeCl2. It is sprinkled internally with raw, cool TiCl4 which is
drained from the bottom tank and passes through a heat exchanger. This method of condensing
TiCl4 is subject to patents of the Pittsburgh Plate Glass Company.22 The bottom tank collects a
finely-divided aluminium chloride and iron chloride as sludge, which can be decanted or filtered
and separated by distillation of the TiCl4 contained, The raw TiCl4, before being fractionated is
treated  with  either  copper  powder,  hydrogen  sulphide  or  vegetable  oils  to  remove  vanadium,
probably present as VOCl3 by reduction to less volatile and insoluble compounds which can be
decanted,  The two first  methods of vanadium elimination are described in a report  of the U.S.
Bureau of Mines.23

Fractional distillation permits separation of TiCl4 from SiCl4. However, some probably oxidized
chlorinated silicon compounds of a boiling point close to that of TiCl4 (B.P. 136.4oC) can interfere
with  the  purification.  Such products,  if  present  in  the  purified  chloride  may  later  increase  the
hardness of the metal produced therefrom because they introduce oxygen. The main impurities that
can be contained in the raw chloride and their boiling points are:

SiCl4 57-.7°C.; Si2Cl6 139.0°C.; COCl2 8.3°C.
VOCI3 126.7oC.; Si2OCl6 137-138°C.; Cl2 -33.7°C.
HCl 83.7oC.

Continuous rectification with Dowtherm as a heat control medium is now being generally adopted,
Pure  TiCl4 is  rather  expensive  to  produce  and,  at  a  price  of  $4.50/lb.  Of  titanium  sponge  it
represents at its market price 59 per cent of the total cost of metal production. The titanium in the
ilmenite,  for  comparison,  amounts  only  to  1.6  cts/lb  of  contained  metal.  Improvements  in  the
production  of  cheaper  purified TiCl4 are  at  present  much more interesting than changes  in  the
reduction methods in view of lowering the price of sponge

Reduction and Purification

Having described how the starting materials usable for the reduction to metal can be made, namely
the oxide and the anhydrous chloride, the possible or proposed titanium reduction and purification
processes will now be examined before the standard industrial method of magnesium reduction of
the chloride is described.

Titanium oxide can be reduced to a rather pure sponge with distilled calcium as a reducing agent,
Kubaschewski24 has shown that an oxygen content as low as 0.07 per cent is thus obtainable, which
would be equivalent to the one of metal reduced from the chloride. According to some patents of the



Dominion  Magnesium  Company25 the  reduction  could  be  performed  in  two  steps,  first  with
magnesium, followed by acid extraction of the MgO produced and then with pure calcium which
would only be used for  a  thorough after-reduction.  This,  of course,  would greatly  cheapen the
process. Up to now, calcium reduced titanium metal with a hardness better than 220 Brinell has not
appeared in the market. An analysis of such metal given recently by Rylski26 shows the following
per cent impurities of such titanium:

O2 0.47; N2 0.16; H2 0.017; C 0.25

The carbon content is avoidable, and the nitrogen could probably be lowered by using a better grade
calcium. The difficulties with calcium reduction reside in the equilibrium: 

TiO2 + 2Ca ↔ 2CaO + Ti.
High temperatures and low pressure shift the reaction to the left, as can be seen from the fact that in
vacuo calcium metal is obtained from a CaO/Ti mixture, and this even much easier than from a
CaO/Si batch, which latter is recommended for calcium production. This means that for a complete
reduction of TiO2 one has to operate at low temperature and at as high a pressure as possible. One
has also to create large contact surfaces, eliminate CaO as it is formed, and use a considerable
excess of calcium. At the most suitable temperatures of 850-1200oC and at atmospheric pressure, a
complete reduction is not accomplished, at least not with large batches. Sintering of the titanium
particles  may  be  responsible  for  the  incomplete  reduction.  The  calcium used  must  be  free  of
nitrogen, which latter  hardens about 2½ times faster than oxygen. Fine calcium turnings, when
exposed to the air pick up nitrogen, which adds to the difficulties.

Among the many titanium production processes which have been tried and abandoned are those
involving  hydrogen  as  a  reducing  agent  for  the  halogenides.  The  bromide  reduction  on  a  hot
filament  has  been used  in  Germany  by the  Osram Company7 with  some success.  High power
consumption, lower titanium bromide by-products, and the necessity for reclaiming HBr formed are
serious objections to this method, which also requires very pure hydrogen. The reduction of the
chlorides in an arc with hydrogen once suggested by Jaffec27 has not been mentioned again. Arc
reduction  presupposes,  among other  things.  That  the  electrode  problem can  be  solved.  A high
amperage arc is out of the question since even with cooled carbon or tungsten electrodes a reaction
with the titanium produced must be expected at the the hot tips. A high voltage arc would permit
using cool electrodes. But this raises all the problems of the Birkeland-Eyde nitrogen oxidation
process. The reclaiming of by-product HCl, and of lower titanium chlorides, constitutes in itself a
series  of  operations  for  which  economical  solutions  have  not  been  found  as  yet.  Continuous
removal of the hot titanium produced would prove to be a most difficult task on account of its sticky
properties.

Hydrogen reduction is also frequently a part of the disproportioning methods recommended for
titanium production, in so far as hydrogen may be used to produce TiCl3 from TiCl4. It is rather easy
to produce TiCl3 by reduction of TiCl4 with aluminium according to Ruff.28 The AICl3 by-product
has a market value, but it does not have unlimited sales prospects. The reduction of TiCl4 to TiCl3

with hydrogen is not easy because of a simultaneous partial breakdown to TiCl2, which latter is said
to  be  pyrophoric.  Also,  the  reduction  has  to  take  place  1300 –  1400oC,  which  creates  almost
insurmountable refractory problems. The recoveries do not exceed 70 per cent. In the subsequent
disproportionating of TiCl2 at lower temperatures according to 2TiCl2 ↔ Ti +TiCl4 only part of the
titanium is reclaimed, this being in powder form, and the TiCl4 by-product must be recycled. It is to
be hoped that experience acquired with the much easier production of aluminium by way of AlCl
made from AlCl3 and scrap metal, which is now being tested on a pilot plant scale, might bring
some prospect for the titanium lower chloride disproportionating. The necessity of recycling the
HCl by-product remains as a problematic side-line of this method. For the treatment of titanium
scrap by passing TiCl4 over the latter and producing TiCl2, the disproportionating method may offer



some possibilities if the refractory problem can be solved, the more so since in this case no HCl by-
product is obtained.

Fluoride Reduction

Anhydrous TiF4, sublimes at 284°C.29 and melts at 400°C. Under pressure, which makes it quite
similar as to its physical properties to anhydrous zirconium chloride. This would suggest that the
method now used for the production of zirconium from its gaseous chloride might also be adaptable
to titanium fluoride, but in this case, magnesium cannot be used as a reducing agent since the MgF 2

formed melts at 1300°C., at which temperature titanium would strongly react with the iron vessel
used.  Also,  the fluoride produced cannot  be separated from the sponge by leaching with water
because of its insolubility in this medium. Replacing magnesium with sodium, whose fluoride is
soluble in water, could not be recommended, either, if the zirconium reduction technique was used,
because the sodium fluoride obtained melts at 997°C., at more than 100°C, above the boiling point
of the element. It might, however, be possible to react TiF4 with sodium at medium temperatures,
for instance S00°C, ie, much below the melting point of sodium fluoride, when using a mixer to
break up the NaF cake, as recommended in a recent patent for the production of titanium from its
chloride with sodium as a reagent.30

On the other hand, one could think of reducing a mixture of sublimed TiF4 powder and magnesium
chips in a pressure vessel at a high enough temperature to melt the MgF2 obtained (M.P, 1300oC.) in
a flash, or, better, to melt also the titanium produced (M.P, 1660oC.)  and to bring about a clean
separation of metal and slag. This would be feasible only if a suitable lining for the bomb could be
found, which would not introduce oxide in the metal produced. The use of a pressure vessel puts
serious limitations on this process with regard to the size of the equipment, which must be small
because of the high pressure produced by the titanium fluoride and the magnesium gas, partially
heated to the melting point of titanium.

It is said that anhdyrous titanium fluoride is quite inert in air and insensitive to water,29 which would
be a  definite  advantage  in  its  handling.  It  can  be produced from anhydrous HF and TiO2,  but
sulphuric acid besides CaF2 is needed for the production of HF, and it is wasted as calcium or
magnesium sulphate, if in the latter case the magnesium fluoride obtained in the reduction was
recycled  for  recovery  of  its  fluorine  content.  Since  fluorine  is  3.2  times  more  expensive  than
chlorine on an equivalent basis, it is doubtful whether it could compete with the latter even with the
recycling scheme mentioned. At present the cost of chlorine in anhydrous TiCl4 amounts 11.2cts/lb.
of titanium produced, not considering the losses if the magnesium chloride produced is not recycled
for chlorine and magnesium and as can be deduced therefrom, the use of fluorine would cause an
extra expense of 24½ cts/lb. of titanium produced. This would not appear worthwhile if no special
advantages could be derived from this method.

The reduction of the alkali fluorotitanates with sodium usually leads to a very impure, oxide bearing
titanium powder.   The main reason is  that these salts  are  usually slightly hydrolysed, and they
oxidise when drying. Oxygen from the air does not displace fluorine from these salts31 when hot,
but HF is formed moisture and fluorides which can be oxidised with water at medium temperature.
If the double fluorides are thoroughly deoxidised before use, for instance by passing HF2, CCl2F2 or
NH4F over or through them, complete deoxidation can be obtained.

It is questionable whether, even with a fully deoxidised fluorotitanate, an oxide free titanium could
be  produced,  since  in  the  presence  of  alkali  fluoride  the  reduction  yields  a  powder,  which  is
depassivated by fluorides and liable to be oxidised by water in the subsequent leaching operation.
Sodium must be used as a reducing agent since magnesium or calcium would raise the melting point
of the batch too much by formation of the rather difficult to fuse fluorides. These cannot be leached



with water. Finally, there is the question of the production of low cost fluorotitanate.  It  can be
obtained  only  by  attack  of  ilmenite  by  hydrofluoric  acid,  the  fluoride  of  which  latter,  is  per
equivalent, as shown above, much more expensive than chlorine. While the alkali fluoride could be
recycled with sulphuric acid to reclaim its fluorine content as HF, the reducing agent itself, namely
sodium, is not recoverable in this operation.

Iodide Titanium

The iodide dissociation process might be turned from a purification into an extraction method by
bleeding purified gaseous titanium iodide into a dissociator provided with a hot target.32 This is
being attempted by the Battelle Memorial Institute for the Kennecott Copper Company. The iodide
cannot be obtained directly from the carbide iodisation except at very high temperatures where the
lower iodides are formed, which are not usable as such.33 Normally the tetraiodide from aluminium
titanide by reaction of iodine within a solvent, the former attacking both constituents of the alloy. 34

Separation of the attacking AlI3 produced is  obtained by fractional  distillation.  Recuperation of
iodine from this by-product creates a special problem. The continuous removal of the hot titanium
target grown over with titanium crystals, from the high vacuum room to the air is not easy. The
power consumption of the freely radiating target must be high. Iodine losses at $2.50/lb are of
serious Consequences, especially when considering, the high atomic weight of this element which
requires moving 10lb, of iodine for each lb. of titanium produced.

Fusion Electrolysis

Great effort has been concentrated on this method, up to now with rather poor success, The reasons
for this  are  many, They have been discussed in detail  elsewhere.35 In the fusion electrolysis  of
titanium one must consider the following requirements: A suitable electrolyte; its thermal stability,
its  behaviour  to  the  cell  liner;  its  necessary  oxide  content  to  avoid  anode effect  with  graphite
anodes;  the  necessity  of  internal  heating  of  the  cell  by  direct  passage  of  the  current;  the  cell
construction with regard to the aggressive products liberated at the anode; arrangements to keep the
cathodes under argon protection after lifting them out of the bath until they cool down for removal
through gates to the atmosphere; methods for introducing fresh electrolyte of definite oxide content
in the cell; mechanical devices within the cell to move and replace cathodes and to provide for their
rapid connection with the bus bars.

The choice of suitable electrolytes is limited for price reasons to fluorides and chlorides, Pure
titanium fluoride (B.P, 284°C. M.P. about 400 C, under pressure) cannot be used as an electrolyte
because of its physical properties, but the double fluorides of titanium with potassium, sodium and
lithium, could be considered. These can be obtained from aqueous solutions. They have, according
to Ginsberg36 the following melting points: 2NaF,TiF4 700oC., KF.TiF4 780oC., LiF,TiF4 450oC. All
these salts dissociate in alkali fluoride and TiF4 below their melting point. It is therefore probable
that none of these complexes exists in the fused state. It is common practice to lower the melting
points of double fluorides in view of obtaining a stabler bath and for this purpose alkali chlorides
are usually added. A typical case is the one of sodium chloride additions to the cryolite bath which
has been discussed by Haber.37 Horizons38 propose the addition of alkali chlorides to fluorotitanates.
In any such electrolyte chlorine is developed at the anode, if enough chloride is present, because
free fluorine, as evolved anodically reacts with alkali chloride with liberation of chlorine according
to a well-known reaction used for the determination of free fluorine.39 Therefore, the Horizons bath
behave almost entirely like a chlorine electrolyte. This type of operation will be examined further.

Next to the lack of stability of the fluoride bath, the necessity of adding oxide to avoid anode effect
with  graphite  anodes  must  be  stressed.  No  fusion  electrolysis  whether  chloride  or  fluoride,
according to experiments made by von Wartenberg,40 can be operated successfully with graphite or
carbon anodes if the bath does not contain oxide. This is, for instance, a well-known and essential



requirement in the aluminium electrolysis of cryolite, it has been found necessary in any fluoride
electrolysis such as those of Ta, U, Be, Zr and Ce. The anode effect is, for the main part caused by a
halogen or halogenide gas skin adherent to the graphite, which stops the flow of the current. There
are also some other reasons for this phenomenon, but this is the main one. This gas skin can be
broken down if CO2/CO is developed simultaneously at the anode, which is the case when sufficient
oxide is present in the bath to react with the free halogen and the carbon with the formation of
carbon oxides besides the respective halogen compounds, which latter dissolve in the bath.

While  the  fluoride  electrolysis  requires  the  presence  of  considerable  quantities  of  oxide  in  the
electrolyte, which is decomposed by the current and from which the metal is deposited exclusively,
much less is needed in the chloride electrolysis. Furthermore, in the fluoride bath no fluorine is
developed at the anode except when anode effect takes place, in which case it is converted to carbon
tetrafluoride, which may be the main gas coating the anode. It is found in the waste gases when this
phenomenon occurs. In the chloride electrolysis on the contrary, chlorine is liberated at the anode
because only these are decomposed by the current and also very small, but essential, quantities of
CO2/CO are formed by anodic reaction of dissolved oxides with carbon. This shows that the carbon
anode plays an important role insofar as it continuously deoxidizes the electrolyte up to the point
when oxide must be added to avoid anode effect. Therefore, the question may be asked where the
oxide comes from in a plain chloride electrolyte of an operating cell to which only “anhydrous”
chlorides are added. 

There are two sources of oxide, which are usually overlooked when running a chloride electrolyte:
moisture and oxygen from the air. At the bath surface moisture reacts to an equilibrium with the
fused chlorides liberating HCl and forming oxides, which dissolve in the electrolyte, Furthermore,
there is, to a lesser degree, a direct substitution of chlorine in the hot chlorides for oxygen of the air
at the bath surface, also to an equilibrium point. These oxides too go into solution. Fluorides are not
oxidized  by oxygen,31 though easily  by  moisture.  This  all  shows what  happens when the  bath
surface is sealed off from the air, for instance with a blanket of noble gas, as is done in titanium
electrolysis. Since the anode deoxidises the electrolyte continuously, while in this case no oxide is
introduced by reaction with the air, the bath, after a while suffocates for want of oxygen and anode
effect takes place. This is frequently overlooked since the blanketed cell may be fed with
already oxidized or moisture-bearing fresh electrolyte, thus getting the oxide it needs, and, in order
to maintain a sealed cell in operation, it must be fed with an oxide-bearing electrolyte. Since oxygen
in some form, must be dissolved in the bath to maintain the operation, it can be expected that it will
take part in contaminating the dendritic titanium deposit.

Excessive amounts of oxide must be avoided, but what is the limit in view of getting around the
anode effect and of obtaining a soft low oxide metal? Nothing is known about that for the chloride
electrolyte, but it is certainly necessary to add prohibitively large amounts of oxide to a fluoride
bath, the oxide being the only compound taking part in this electrolysis. This practically rules out
any fluoride  electrolysis  with  graphite  anodes  on account  of  the  contamination of  the  titanium
crystals by dissolved oxide.

The chloride electrolyte must evidently be conditioned as to the right amount of oxide to produce a
low oxygen titanium. This can be done by running the cell for a while so that the carbon of the
together with the halogen liberated at its surface can deoxidise to the desired degree. On the other
hand,  one  can  deoxidise  also  by  chemical  means,  for  instance  by  blowing  into  the  electrolyte
reagents that halogenize and deoxidize as well, such as HCl, CCl4 or CHCl3. Such reagents are used
today in a similar case for the deoxidation of barium chloride steel hardening baths.

The oxide present in a chloride bath has some other side effect, as, for instance, the one of bringing
about a dissolution of titanium. Gill41 has shown, that titanium metal dissolves in fused chlorides,



but in presence of air only, forming hydrosols, and the bath obtained plates out titanium alloy in
contact with copper or iron, possibly from a divalent state. The chemistry of this phenomenon is not
known. 

As mentioned above, the addition of sufficient alkali chloride to a fluorotitanate bath converts the
latter into a pseudo chloride electrolyte, which yields chlorine at the anode and only little oxide has
to be present to avoid anode effect. Such a bath as suggested by Horizons38 can, however, not be
kept in operation for a long time because, since fluorotitanate and alkali chloride are being added
while titanium and chlorine are withdrawn, alkali fluoride evidently accumulates in the cell. The
fluorotitanate  is  the source of the titanium deposited and it  is  decomposed by the alkali  metal
produced at the cathode. Its price has a decisive effect on the cost of operation of this process.

A general drawback of the titanium electrolysis, which shows how vain is any attempt at lowering
the melting point by adding some other alkalis, appears from observations made by Andrieux.42 and
Drossbach,43 The former has shown that titanium ions do not take part in the electrolysis, that the
reduction  takes  place  in  valency  steps  and  by alkali  or  alkaline  earth  metal  reaction  with  the
titanium halogenide  at  the  cathode.  This  confirms  some observations  of  Andrieux with  similar
electrolytes, which showed the reaction products, namely the halides of these metals accumulate
and freeze at the cathode to form a solid “boule.” For instance, in a fluoride bath the dendrites
deposited may be in a solid, difficultly fusible matrix of NaF (M.P. 997°C.) which progressively
blocks the passage of current. These salts should redissolve in the fused electrolyte which usually
has a lower melting point but, since their formation is local and much faster than their diffusion,
solid  accretions  form  on  the  cathode  whereby  the  bath  composition  changes  by  progressive
elimination of one of the constituents. To avoid this the cell must be run hot enough and preferably
at a temperature exceeding the melting point of any of the components of the bath, This shows that
attempts at lowering the melting point of an electrolyte may defeat themselves by the chemistry of
the cell.

Some observations have already been made about the chloride electrolyte as far as a comparison
with the fluorides was needed. Usually, a chloride electrolyte is made up of a titanium chloride
dissolved in a carrier salt. At present our knowledge about the solubility of titanium chlorides in
other fused chlorides is very poor. It is said that complexes TiC14,LiCl and TiCl4.KCl can be melted
at temperatures below 450°C.44 and that the electrolysis can be performed with these at this low
temperature.  They  dissociate  above  500°C.  However.  the  multivalency  of  titanium  has  to  be
considered, too, since TiCl4 breaks down at the cathode to trivalent and divalent forms,which results
in  higher  melting  points  at  least  at  the  cathode,  the  readily  fusible  tetravalent  complex  being
destroyed. TiCl4 is not soluble appreciably at atmospheric pressure in fused NaCl, CaCl2, MgCl2,
BaCl2 or SrCl2 nor in any carrier salt at temperatures in excess of 500°C. This rules out the use of
TiCl4 as a bath constituent in any fusion electrolysis above that temperature.
On the other hand, the work of Cordner45 has demonstrated that the lower titanium chlorides TiCl3

and TiCl2 are soluble in various carrier salts and that suitable electrolytes can be obtained with
these. Lower titanium chlorides having to be used, means for preparing them have to be foreseen.
usually for this purpose TiCl4 is bubbled into the fused electrolyte in a non-compartmented cell,
together with hydrogen as a reducing agent.  Under such conditions the chlorine evolved at  the
anode combines with the hydrogen which must be in a large excess to allow also for the reduction
of TiCl4 to the lower valency chlorides, to be dissolved in the bath. The hydrogen reduction of the
tetrachloride creates problem of the regeneration of waste HCl formed, which has already been
mentioned.

The lower valency electrolyte is naturally chlorinated by the chlorine of the anode and the TiCl4

produced there, not being soluble in carrier salt, escapes with the chlorine and must be reclaimed
from the waste gases. On the other hand, titanium dichloride is produced at the cathode from any



trichloride  present  in  the  electrolyte  by  reaction  with  the  titanium dendrites,  which  lowers  the
current efficiency. Any tri- or dichloride of titanium entrapped in the titanium crystal is lost by
hydrolysis in the following leaching step, by which the dendrites are reclaimed. If a diaphragm
could be found to separate the anodic and cathodic bath, the difficulty resulting from the anodic
destruction of the lower valency chlorides could be avoided, but the hope of finding a material of
construction, pervious to the electric current, resistant to the aggressive action of strongly reducing
electrolytes at a temperature of at least 800°C., is dim. All that can be hoped for is to be capable of
building a dam perhaps water cooled, across the cell to separate anode and cathode rooms below
and above the bath, the dam dipping a few inches into the electrolyte. This principle of the dam is
applied in magnesium cells. A separation of anode and cathode room above the bath is necessary to
collect the chlorine and to protect the titanium and the hot iron parts of the cathode from an attack
by this gas. The cathode room is therefore also usually filled with argon.

The cell constructions proposed for the electro-winning of titanium are, as far as they are divulged
in  the  literature  nothing  but  enlarged  laboratory  units,  in  which  none  of  the  above-mentioned
requirements of construction have been taken care of. Usually, the cell body is drilled out of a
graphite electrode, which is a financially ruinous proposition. Also, such graphite body is not leak
proof as to the salts it has to contain, The cells are not compartmented, which gives  the chlorine
free  access  to  hot  iron  parts  constituting  the  cathode.  On  cathode  removal,  argon  is  admitted
intermittently, which leads to a waste of noble gas. The cathodes are changed only after shutting
down the current,  a method that can be used only when a cell is heated externally. This is not
practicable for any industrial cell. No suggestion has been made as to automatic lifting of loaded
cathodes from the bath, for their replacement by fresh ones, nor has any mechanism been described
that would permit removal of the pyrophoric cathodes to a cool room and thence through gates to
the atmosphere. Losses of titanium crystals to the bottom of the cell always occur.  Hard accretions
form with these and the capacity of the cell is gradually decreased. While one can hope that some of
these difficulties will  be overcome,  the fusion electrolysis  is  still  in  the far  future for titanium
winning.

Shawinigan Water & Power46 proposed to use the sodium sued in a Downs cell  in situ to reduce
TiCl4, which is instilled into the cathode compartment at a rate providing for a slight excess of
sodium. It  is  already difficult  to  operate a Downs cell  for sodium alone,  and to  try to remove
simultaneously  the  titanium  sponge  produced  without  interruption  would  add  unbearable
complications.  Excessive heat  evolution in  the cathode room can be counted on and the metal
obtained is certainly harder than the one made directly with purified oxide-free sodium, since the
electrolyte entrapped in the sponge contains oxide as described above. The continuous withdrawal
of titanium from a normal reactor is still an unsolved problem and to perform similar operation with
a sodium cell must be quite troublesome.

The substitution of fusion electrolysis for magnesium or sodium reduction is not as promising from
the economic angle as is generally claimed. The power consumption is expected to be small for the
direct  electrolysis  of  titanium,  which  is  an  advantage  only  in  countries  with  high  power  cost.
Supposing that for the production of one pound of titanium by magnesium reduction one would
need twice the amount of electrical energy required for the production of one pound of magnesium,
this would still not represent more than 4 per cent of the present market value of titanium at the
present-day power prices in the U.S.A., as against almost 60% per cent for the chloride, which is
needed as raw material in the fusion electrolysis as well as in the reduction. Savings that could be
made in the continuous leaching of the cathode deposit are shared in the sodium reduction of TiCl4

since the sponge produced that way can be leached. Titanium losses in the electrolysis are certainly
higher than in metal reductions because of the hydrolysis of the titanium salts, entrapped in the
crystals.



Soluble Anode

Fusion electrolysis with a titanium anode has better prospects. Starting, for instance from scrap
titanium, cast in the form of anode plates, one can, with a bath containing lower titanium chloride,
dissolve titanium anodically and transfer it to the cathode, where it  is deposited in the form of
dendrites. The anode is fully depolarized, the bath needs no oxide, and no anode effect can interfere.
The electrolyte must naturally be protected from oxidation by the air by a noble gas blanket, but no
separation of anode and cathode compartments is  necessary since no chlorine is  evolved at  the
anode, which simplifies the construction. However, the electrolyte being of lower valency, probably
mostly divalent, the titanium chlorides entrapped in the crystals are lost by hydrolysis on leaching.
This loss can be minimised by using an electrolyte with a low titanium content. The voltage in such
a cell being low, since the current is not used for any chemical work, it might be difficult to keep the
bath hot by the passage of direct current alone.

The first  interest  in  such an  arrangement  is  the  refining  action  that  is  expected  to  take  place,
Nitrogen and carbon are eliminated as such, which is a positive asset of this process. Nothing is
known definitely as to the behaviour of small  amounts of oxide. Larger quantities are certainly
carried over from the anode to the cathode, and TiO anodes, as proposed in one patent 47 do not
produce  an  oxide  free  cathode  deposit.  Some  oxide  dissolved  in  the  bath  can  be  reduced  by
extraneous means, for instance by blowing HC] gas into or around the anode, or by using for this
purpose mixtures of TiCl4 and hydrogen, which liberate HCl, but this method is rather ineffective.
Very soft  titanium crystals  have been obtained with the soluble anode,  which indicates  that  an
unknown mechanism of deoxidation is at work, at least in a chloride bath, provided the quantities of
oxide  present  in  the  anode  metal  are  small.  The  carbon  contained  in  the  anode  material  or
introduced in the casting procedure may be a contributing factor in the deoxidation. Perhaps there
might also be a question of lack of solubility of lower oxides in the chlorides. 

The refining electrolyte being one of lower titanium valency, the less electropositive metals that
might go into solution at the anode as chlorides, are reduced by the bath according to the following
equation:

2TiCl2 + FeCl2 ↔ 2TiCl3 + Fe

These metals go into the sludge as such. This reaction depletes the electrolyte of divalent titanium
and the bath must recondition itself to the divalent form by the reaction of the trichloride with the
anode titanium or with cathode dendrites if one does not assist it with other reducing agents.

The purification with regard to less electropositive impurities than titanium by the soluble anode
method is here possible only because of the formation of lower valency titanium salts. Metals that
have only one valency, such as manganese, do not allow such purification if used as anodes since
the less electropositive impurities, once they are dissolved in the bath as chlorides, cannot in this
case  be reduced in  any way by a  valency change reaction48 of  manganese. It  is  probable  that
impurities  that  form highly volatile  chlorides,  such as  silicon,  sulphur  and phosphorus,  will  be
eliminated by volatilisation at the titanium anode, provided their solubility in the bath at the given
temperature is low.49

Before this refining method could be made commercial for scrap refining, thought would have to be
given to some of the problems of cathode removal without losing any deposit, in absence of air by
continuously operating mechanical  devices,  without  interrupting the current.  The elimination of
sludge, the reclaiming of hydrolyzed titanium salts from the leaching liquors of the cathode, the
reduction of the volume of salts entrapped in the crystals by squeezing the hot cathodes as indicated
elsewhere for the iron powder electrolysis48 would have to be the subject of extended research. After
it has been found that a cell of simple construction with a soluble anode can be operated reliably for



scrap purification, the problem of running the complex one with graphite anodes for direct metal
winning can be approached with more confidence.

Commercial Production

The only process used at present industrially for the production of titanium starts with tetrachloride,
which is reduced under a noble gas, at substantially atmospheric pressure with a reducing agent
having  a  sufficiently  high  chlorine  affinity.  The  question  whether  to  substitute  sodium  for
magnesium as a reducing reagent will be discussed later,

Magnesium  reduction  will  be  examined  first.  A recommended  procedure  is  to  melt  all  the
magnesium needed for the reduction plus a 15 per cent excess, under argon or helium, and to drip
TiCl4 on the bath at a temperature not exceeding 950°C, because otherwise iron might be picked up
from the reactor. The argon acts as a regulator for the speed of the reaction, if used with care,
especially in case of a runaway. It also prevents air from leaking back in the apparatus if a slight
positive gas pressure is maintained. The titanium chloride may also be introduced as a gas, which
method is, however, more complicated and introduces more heat in the system. The volume of the
MgCl2 produced being about 10 times that of the sponge obtained, it is evident that this salt must be
drained or tapped repeatedly in the course of the reduction. This can be done by releasing it either
inside the reactor or outside to the atmosphere. The latter practice is more common. The risk of
having air  drawn back into the equipment  at  that  moment can be minimised by maintaining a
slightly higher argon pressure in the reactor during tapping.

Wartman49 recently examined the conditions under which the reduction takes place. He found that
no reaction occurs below the surface of the fused magnesium when all the magnesium needed is
present at the start of the run, and that sponge formation begins at the iron wall of the reactor, just at
the circular zone of the magnesium level, as indicated in Fig 4 The sponge growth is horizontal
inwards from the wall and vertical upwards in the right angle between bath level and crucible wall.
It is maintained exclusively by capillarity or wick action of the sponge and of the iron wall, which
are wetted by the fused magnesium After a while bridging of the sponge takes place in the middle of



the crucible and the downward flow of the fused MgCl, formed may then be impeded. The space
taken up by the fused magnesium fills up progressively with salt which pushes residual magnesium
upwards into the sponge. After about 40 per cent of the magnesium has been reacted the remainder
is entirely absorbed by capillarity on the surface of the sponge, The consequence is that the space
occupied by the fused magnesium at the beginning of of a run is not being used for sponge growth
if the vault formed is not knocked down.

For fuller use of the capacity of the crucible, one could think of not introducing the reducing agent
at once at the beginning but of adding it at intervals in small portions in function of the needs of the
reaction. In this way a kind of a sponge layer cake could be built, while the salts could be drained
continuously.  However, when considering the problem of the impurities of the magnesium, this
proposition has some drawbacks. If all the magnesium needed is admitted in the beginning, the first
titanium produced will getter the noble gas atmosphere, forming titanium oxide and nitride, either



directly  or  by  way  of  magnesium  oxide  and  nitride  obtained  by  the  gettering  action  of  the
magnesium.

Furthermore, a great many impurities contained in the magnesium are tied up with the first titanium
produced, which acts as a scavenger for the reducing agent forming the titanides of Si, Al, Fe, Ni,
Cu, and Mn.

These impurities are deposited in a definite sponge zone, namely at the iron wall and at its junction
with the magnesium bath’s level where the reaction starts. They can be eliminated mechanically in
later processing of the sponge, of which certain sections, especially of the centre, are of extreme
purity.  Evidently the impurities of the magnesium are spread all  over the titanium batch if  the
reducing agent is added in small quantities as needed. Gettering of the argon within the reactor at
the  start  and  purifying  the  molten  magnesium  separately  before  it  is  used,  for  instance  by  a
preliminary reaction with some TiCl4 might be resorted to in order to avoid the disadvantages when
feeding small quantities of the metallic reactant but this adds to the complications. Feeding the
reaction with liquid magnesium as needed leads to the production of a dense sponge, which releases
its chloride content during the vacuum distillation only with difficulty. Also, repeated liquid feeding
causes some trouble in so far as the magnesium reacts at the inlet with the TiCl4 that is present in
the argon atmosphere, and forms accretions which after a while plug up the hole.

A question of importance resulting from the growth of the sponge on the iron wall  is the one,
whether an insert crucible should be used from which the sponge could be recovered by mechanical
means, or whether one should let the sponge deposit on the reactor wall, from which it could be
removed by turning it out on a lathe. Since a suitable set-up also depends on the needs for tapping
the salt, some possible solutions have been shown in Figs. 5-7.

The arrangement of F.  S. Wartman in which the sponge grows directly on the reactor walls,  is
shown in Fig. 5. It is turned out after the reaction on a lathe in an air-conditioned room. The salts
are tapped out to the air during the reduction, which entails some risk of air leaks into the reactor.
The disposition of Fig. 6 shows the use of a crucible inserted in the reactor shell. It is provided with
a mechanical tapping device that permits emptying the salts in a can arranged in the lower section
of the vessel. The can may also be omitted, in which case the salts may be tapped or drained into an
anteroom and from there subsequently to the air. Fig. 7. shows an insert crucible with a perforated
bottom arranged within the reactor  shell  on a  flange,  at  a  certain level  above the bottom. The
magnesium level must evidently be maintained in the beginning of the run above the perforated
plate on which the sponge then grows in preference to the walls, while the salts collect below the
crucible in the forehearth. From there they can be tapped periodically to the atmosphere. Collecting
all the salts of one operation in a can within the reactor shell leads to large vessels considering the
great volume of the salts produced. However, this way of proceeding has the advantage of avoiding
air leaks that may happen when tapping the salts to the atmosphere

A crucible insert has some disadvantages as, for instance, the smaller capacity compared with that
of the reactor itself and the gap which it creates between the crucible wall and the reactor vessel.
This  gas  space  makes  heat  dissipation  more  difficult.  Usually,  when growing the  sponge on a
reactor wall, the reaction product is turned out in a dry room on a horizontal lathe. Such a room
represents some quite heavy capital expenditure, and the heavy lathe is also costly. The humidity of
this room must be held below ½ per cent. In the case of leaching the turnings, dry room separation
is still required, only for the purpose of leaving in the crucible a protecting layer of reacted material
for the next run, which reduces iron contamination, Tile layer should, of course, remain dry.

When  operating  with  an  insert  one  generally  does  not  turn  out  the  reaction  product,  but  one
processes the whole crucible with the reacted mixture in a vacuum retort at high temperate, where



the salts are distilled off. The sponge obtained in this operation becomes coalesced and sinters very
tight. It is much less pyrophoric than the sponge as reduced, is gas free, but sticks tight to the iron
wall, from which it is quite difficult to remove, even with compressed air chisels. Attempts at lining
the crucible with high carbon steels or with chromium iron alloy sheets which stick much less, met
with some success, Naturally, the part of the sponge in contact with the iron can be expected to be
contaminated somewhat, but it is common practice to run the reduction when using a crucible insert
at a much lower rate and consequently lower temperature than when growing it on the reactor wall,
because  of  the  heat  dissipation  problem  in  the  first  case  and  the  greater  risk  of  serious  iron
contamination. Thus, the iron pick-up is reduced at the expense of an extended reaction time at a
lower temperature. If a perforated crucible is used, as shown in Fig. 7, care must be taken that at the
beginning the magnesium level is held slightly above the perforated bottoms plate. Also the insert
crucible must fit tightly on its support so that no magnesium can leak into the space between insert
and reactor wall which otherwise would fill up with the sponge, and would make the removal quite
difficult.

After draining the magnesium chloride, the sponge is still impregnated with 10 to 15 per cent of the
salt and it contains besides this, the magnesium excess of about 15% needed for the reduction. With
less than 10 per cent magnesium excess purple titanium trichloride appears in the salt. This chloride
also shows up when running the reaction too fast. To obtain a magnesium and chloride free sponge
two ways are  open,  leaching or  vacuum distillation  at  elevated  temperature.  Both methods are
practise. The drawbacks of leaching are many. First hydrochloric acid must be used to extract large
amounts of magnesium which are lost in the dilute chloride solution: Titanium Metals Corp19 use
this procedure and an inhibitor is added to the acid. Naturally, the impregnated magnesium chloride
also goes to waste in the aqueous solution besides the one produced from magnesium with the acid,
while  the  vacuum distillation  permits  reclaiming  both  the  magnesium and  the  anhydrous  salt,
besides eliminating hydrogen.

The production of turnings suitable for the leaching as to size brings about a problem of oversize
chips. These must be ground under adverse conditions in presence of MgCl2, which is slippery and
acts like a lubricant. There being a danger of explosion if the atmosphere above the leaching tanks
contains more than 4 per cent hydrogen, these become very bulky on account of the necessary slow
feeding rates. In the leaching the sponge is unavoidably loaded up with hydrogen, which, if high,
must  be removed by vacuum annealing  before  arc  melting.  The sponge not  being  sintered,  as
compared with the one obtained in the high temperature vacuum salt distillation process, its activity
is greater and some reaction with water might be expected. This results presumably in a higher
percentage of fines and in a raised oxygen content of the chips but no data as to recovery in function
of hardness is available.

Such leaching permits producing a sponge with less than 0.1 per cent chlorine but 0-3 per cent Mg
usually remains behind, this being apparently the limit of solubility of magnesium in titanium. The
fines contain more iron than the dense sponge and with their removal the iron content of the output
is lowered. The depreciated fines can be used for the production of titanium master alloys which are
in demand by steel mills because of their low carbon, silicon and aluminium content. However, the
titanium in such alloys cannot be marketed at a higher price than $2.60/Ib. of titanium contained.
One definite advantage of the leaching is that it can be performed mechanically in a continuous
operation and in standard equipment, at low cost.

In the high temperature vacuum separation of the MgCl2 and excess magnesium a titanium recovery
of 95 per cent of the batch with a maximum hardness of 180 Brinell can be obtained. This method
has, however, some disadvantages. The retorts shown in Fig. 8 have to be supplied with a vacuum
equipment which is expensive in maintenance. One has to operate in batches and the present size of
the retort is limited to about 2 tons input. The cycle is slow, especially with larger batches because



of the difficulty of heat dissipation after the run. The energy consumption is rather high since the
heat accumulated in the iron parts of the retort is lost on cooling, but the one contained in the brick
work of the electric vacuum furnace can be reclaimed in the next run. The excellent quality obtained
in vacuum distilled metal appears from the fact that Japanese sponge with a hardness below 130
Brinell, is being offered in quantity. The chlorine and magnesium content can be held below 0.15
and 0.1 per cent respectively. Better results as to these impurities may be obtained with turnings
made from the batch in a dry room and submitting these to the vacuum process.

Lower cost could result from heating a combined reactor retort with oil, thus avoiding also the heat
losses occurring when down to room temperature between the two operations. However, since the
heat must be applied externally, the wall of the equipment is exposed at high temperature to the full
pressure of the atmosphere during the vacuum distillation period. This has, therefore, to be made of



very heavy sections of heat-resisting steel, which represents a high capital investment. The external
pressure lso limits the size of the vessels because of the risk of collapse during the vacuum period.
Any leaks  in  this  case  become a  serious  matter  when they take  place  under  the  high  external
pressure of the atmosphere. This method, as far as could be ascertained, has been abandoned. Since
the salt was tapped inside the reactor, and since the space had to be allowed for salt condensation
and storage the apparatus was unduly tall and awkward. 

A continuous process would permit cutting down the cost of titanium reduction, but the hopes that
had been excited  by  some publications50 have  not  been fulfilled  up  to  now.  As  shown above,
titanium sponge creeps on hot iron parts, to which it sticks intensively, which makes the use of
pokers or mixers and of conveyors a doubtful proposition if not water-cooled. The temperatures
involved in the magnesium reduction process are so high that even the best cobalt-bearing heat
resisting alloys would barely perform satisfactorily from the point of view of mechanical strength
and creep at the given temperature. If the temperature could be lowered below, say, 650°C., as, for
instance, in sodium reduction according to a patent previously mentioned,30 a continuous titanium
reduction process might appear more feasible.

The  possibility  of  substituting  sodium  for  magnesium  is  worth  examining.  With  sodium  the
reduction might be performed either below the melting point of its chloride, i.e., 800°C., between
this temperature and the boiling point of the element, i.e., 880°C., or above this temperature in the
gaseous  state.  All  three  propositions  have  been  made.  The  second  one  leaves  only  80°C.  as
operation margin. The last one runs into trouble with iron reaction with titanium which starts at
950°C. This may cause plugging of the sodium injector valve or sodium burner, which also are
exposed to a build-up of metal and salts by local reaction. The first proposition is of great interest. 

According to a recent patent,30 the reaction between liquid sodium and TiCl4 can be performed
under noble gas at, for instance, 500oC., at which temperature the NaCl produced is still solid, and,
if a mixer is used, the mass obtained becomes granular and it can be moved. To stabilize the rather
active titanium crystals  obtained the reaction product is  transferred to another vessel where the
sodium chloride can mostly be separated by fusion and decantation under a noble gas, while the
titanium crystals become deactivated to such an extent that, after cooling, the cake can be directly
extracted with slightly acid aqueous solutions. It is not known whether a thermal vacuum treatment
has to follow. Provided that the quality of the vacuum distilled, magnesium reduced sponge can be
obtained also by sodium reduction, followed by leaching, especially as to the oxygen content, such
a process  would offer  interesting price aspects,  leaching being much cheaper  than  the vacuum
procedure since it could be continuous.

The comparison of the two reducing agents, magnesium and sodium, must, however, be extended
somewhat further. The power consumption in two electrolytic cells of similar capacity is about 14
kWh for the production of 1 kg. sodium, for 1 kg. Magnesium 20 kWh, and, when considering the
different valencies and atomic weights, the power consumption is per equivalent about ⅓ higher for
the production of sodium.51 The same excess of heat is developed when reducing TiCl4 with sodium
instead of magnesium and sodium is a good reducing agent for magnesium chloride.

Heat dissipation problems in the sodium reduction are aggravated by the greater volatility of this
element. The price of the reducing agent does when not matter much at the present time titanium
sponge still sells at $4. 50/lb., and sodium is even cheaper in some countries than magnesium, on
the weight basis. However, when it comes to considering ultimate price developments for titanium
sponge, the higher power consumption for sodium will certainly play a role someday, as well as the
fact that the recycling of the NaCl produced through a sodium cell is of little interest, the value of
the compound being so low. On the contrary, magnesium produced from anhydrous MgCl2 that is



being reformed in the process through an electrolytic cell benefits from the fact that the price of this
compound represents about a quarter of the cost of the magnesium electrolysis.

When using sodium only about 1 per cent reducing agent is needed as excess, but this is lost when
leaching the sponge, while in the magnesium reduction, the excess has to be 15 to 20 pr cent, which
metal is, however, reclaimable, at least partly, in the vacuum distillation. Sodium is perhaps easier
to clean and feed continuously, for instance through pipes, in a reactor, than is magnesium, and its
low melting point is an advantage in handling. If the same quality of sponge can be obtained with
both reducing agents, it is not impossible that sodium might have some price advantage, in so far as
leaching can be cheaper than vacuum distillation, because it can be continuous. This might well
compensate for the higher equivalent price to be paid for sodium on account of the higher power
consumption in its production.

Magnesium Reduced Sponge

The impurities of this sponge, besides originating from the noble gas used in its production, from
moisture and from leaks of the atmospheric air, are substantially those of the magnesium used, those
of the titanium chloride and those introduced from the reactor crucible materials. The oxygen and
nitrogen content can be kept below 0.1 per cent and 0.02 per cent respectively. By carefully vacuum
drying the equipment used, the oxygen content could be lowered still more, as well as by gettering
the  noble  gases  employed.  The  magnesium,  if  made  electrolytically,  is  rather  impure  and  it
introduces usually up to 0.1 percent manganese in the sponge. With silicothermic magnesium the
manganese content can be held below 0.02 per cent.

In the vacuum distillation for separating the magnesium chloride, fresh crucibles and retorts release
some manganese into the vacuum room at high temperature which may contaminate the first batch
of  sponge.  The  titanium  chloride  can  be  purified  to  the  extreme  as  to  silicon  chloride,  and
oxychlorides contained can be eliminated by sufficient care in fractionating. The main impurity of
the sponge is iron, mostly originating from the iron walls on which the sponge grows. It is of the
order of less than 0.3 per cent for the grade A-1, less than 0.5 per cent far the more impure grade A-
2 with reference to the product of one American company. The iron pick-up from the reactor walls
depends on the time used in the reaction as well as on the temperature, which are both correlated.
No special studies have been published as to the hardening by iron in high purity iodide zirconium,
melted under carefully controlled conditions. Iron is not an objectionable impurity if this element is
going to be added anyway a6 an alloying addition.

Depending to what use the sponge is going to be put, some other impurities such as silicon and
carbon, might be tolerated, or would even be desirable to some extent. The magnesium content at
vacuum distilled sponge may be up to 0.3 per cent and it may not be entirely unwanted because it
stabilizes the arc in melting. Less than 0.1 per cent chlorine is desired in a good quality sponge, but
frequently  not  found  in  commercial  grades.  Some  oxygen  is  introduced  in  the  sponge  when
conditioning it to the air after vacuum distillation and a slight temperature increase is noticeable at
that  moment.  The  sponge  may  even  ignite  spontaneously  if  air  is  admitted  too  rapidly.  The
hydrogen in an  ingot  made from vacuum distilled sponge originates  mostly  from the  moisture
absorbed on residual  MgCl2 or  absorbed on the surface of  the sponge, which is  introduced by
handling in the air. This moisture may also be tied up chemically with residual chloride. The sponge
after vacuum distillation, should therefore be exposed as little as possible to air and it should be
stored in tight metal cans. An argon blanket is not needed,



The extreme limits of purity of titanium sponge made by magnesium reduction have not yet been
reached,  Gettering  of  the  reaction  atmosphere  and  purification  of  the  magnesium  used  by  a
pretreatment with TICl4 hive not yet been resorted to, despite the fact that these means would permit
lowering the impurity level still more. A sponge yielding fused buttons of a Brinell hardness of 170
is accepted, but a hardness below 150 is desired. In fact no specifications exist today as to the sale
of sponge in the U.S.A. and tolerances are agreed upon between buyers and producers. American
sodium reduced sponge with a hardness of 130 Brinell is being offered. Its iron content ts below
0:05 per cent, but it has a fairly large amount of chloride. Some selected Japanese sponge with a
hardness of 100 Brinell is being offered.

No agreement exists as yet as to a suitable oxygen determination method for titanium. Combustion
in dry HCl gas, which gives fair results for oxygen in zirconium, is unreliable. The vacuum fusion
extraction, which is widely recommended, gives reproducible results only if equipment and method
are  strictly  the  same.  The difficulties  in  oxygen determination  are  considerably  increased  with
alloys  or  sponge  since  volatile  constituents  such  as  manganese  and  magnesium distil  off,  and
condense in the cooler parts of the crucible where they usually react back with the carbon monoxide
evolved.  The  lack  of  a  rapid  and  reliable  determination  method  for  oxygen  is  interfering
considerably with the development of this metal.

Melting and Casting

Since titanium reacts, when hot, with oxygen, nitrogen and moisture of the air, and since it picks up
oxygen by reaction when melted on any oxide-base refractory,8 normal melting procedures
refractory oxide crucibles are out of the question. In 1946 it was shown that titanium and zirconium
can be melted in graphite and with a graphite arc electrode.10 While the carbon contamination in
melting in graphite reaches not more than 0.3 per cent with zirconium, it can readily go up to 1 per
cent and more with titanium, depending on temperature and contact time and the amount picked up
is unpredictable. Nevertheless, melting in graphite, for instance, by high frequency induction, is
established as a standard practice for the remelting of scrap and to produce castings because no
better method is available. Graphite electrode arc melting has not yet fully been replaced by the
consumable electrode process.



A historical survey of the arc melting method may be welcome at this point. W. von Bolton,9 the
tantalum pioneer, used a direct current arc between a tantalum electrode and a water-cooled copper
plug to melt a tantalum scrap briquette, in a vacuum within a glass bottle. This furnace was seen in
operation in 1932 and the author decided later to rebuild it fully in metal. The construction adopted 8

is  given  in  Fig.  9.  It  was  operated  in  vacuum broken  with  sufficient  argon,  to  avoid  a  glow
discharge. Thoriated tungsten electrodes were used at the time. In 1910 Weiss had already used
consumable electrodes in the vacuum arc melting set-up shown in Fig. 10, to eliminate aluminium
contained in zirconium aluminium alloys. The Kellogg Company introduced in the thirties a method
for making iron alumina catalysts for oil cracking purposes, by arc melting a mixture a magnetite
and alumina in a water-cooled copper sleeve, after which the material was ground and reduced with
hydrogen. This process of fusion was so successful that the company decided to produce in this way

special  steels  in  small  sections,  thus  greatly  reducing  the  cost  involved  in  rolling  such  hard
materials.53 At that time Junghans54 continuous casting of metals in a water-cooled copper mould
was already well known. In 1947 Parke55 vacuum melted molybdenum rods, made by sintering in
the melting furnace itself, in a water-cooled copper sleeve.

Thanks to the work of Gilbert and Beall56 at the Bureau of mines station of Albany, Oregon, the arc
melting  of  zirconium  with  the  consumable  electrode  was  actively  and  openly  promoted  and
developed, while a similar movement went under way in secrecy with private companies.57 This led
finally to the construction of huge arc melting units of the type shown in Fig. 11. which are capable
of melting up to 2 tons of metal in one operation.

Only a few of the most important aspects of arc melting can be considered here. These are: the type
of current, the stirring of the bath, the electrode material, the conditions prevailing in the  vacuo
under the arc, and the construction of suitable melting chambers.

Since direct current is exclusively used, alternating current giving an unstable arc, high current DC
generators must be provided for. These can be rotary sets, switched in parallel, but these require
much maintenance, and they fall off under load. Preference goes today to selenium arc welding
rectifiers in parallel which recover immediately under load. A number of electrodes can be operated
simultaneously in the same furnace, provided each one has its own current generating unit and
circuit.





Melting  with  a  mechanically  rotating,  eccentric  electrode  is  being  given  up  in  favour  of  the
electromagnetic stirring of the bath. For this purpose, a direct current coil, introduced by Gilbert and
Beall,  is  arranged around the  copper  sleeve.  It  has  a  separate  current  supply  and provides  for
adjustable mixing of the bath by way of a rheostat, which needs but little energy. This coil can
either be movable along the vertical axis of the mould, to follow the rising arc and the bath level, or
it may be arranged in a rigid position if long enough to cover the whole length of the ingot. The coil
besides bringing about a rapid stirring, according to the principle of the homopolar electric motor,
also centres and holds the arc so that it cannot strike the copper wall This evidently depends also on
the shape and on the exact positioning of the coil. If the solenoid is flat and if it is located above a
certain critical point of the arc, the magnetic flux, because of its curvature, may not pinpoint the arc,
but may cause creation of a kind of umbrella, which, however, remains stable, while under the
influence of the magnetic flow.

The coil having to perform two different functions, the stabilizing of the arc and the mixing of the
bath, it is questionable whether this could not be achieved more conveniently with two independent
solenoids. A third function of the coil is to lengthen the DC arc, which in a magnetic field travels
along  a  spiral,  thus  giving  it  a  voltage  about  one-third  higher  than  without  the  coil,  and
consequently allowing a higher power input. The whole atmosphere rotates around the arc, and
impurities can be thrown out to the walls of the mould by centrifugal force.

The question as to what electrode material to use is not settled as yet, the self-consuming electrode
is gaining preference. With graphite or tungsten electrodes there is always a risk that accretions may
form on  these,  which  after  a  while,  may  become  hot  enough  to  melt  off  and  to  cause  local
accumulations of W or C in the ingot. While these impurities could be accepted in small quantities,
if  evenly  distributed,  their  local  concentration  might  cause  cracks  and  imperfections  in  the
fabrication  that  follows.  It  is  said  that  with  graphite  electrodes  and  with  a  magnetically  well-
controlled arc, the carbon pick-up may not exceed 0.05 per cent, which would be acceptable if the
impurity  was evenly distributed.  A carbon content  higher  than 0.2 per  cent  reduces  the impact
strength and the weldability. Homogenizing the ingots with the object of dispersing the electrode
impurities  picked  up by diffusion  has  never  been  reported.  It  may require  comparatively  high
temperatures as well as the use of special and costly furnace equipment. Nothing is known as yet
about the diffusion rates of impurities and of alloying constituents in titanium in function of the
temperature and time. Homogenizing of ingots is common practice for a great many metals and it
should apply quite as well and with advantage to titanium.

The consumable electrode could be made in the furnace itself by continuous stirring as done by
Parke for molybdenum, but not been successful up to now with the rather coarse titanium sponge
produced by magnesium reduction. Titanium powder, as produced in the fusion electrolysis, might
be more adaptable to the Parke process.

Normally consumable electrodes  are  pressed from sponge outside the furnace,  which operation
requires heavy presses and is costly. Nevertheless, this latter method has been followed up and the
pressed bars are welded together under noble gas in a tight box,53 with a tungsten electrode forming
staggered and interlocking packs which are assembled to a tall bar. Long electrodes cannot easily be
handled in such a noble gas welding box and sections are prewelded as indicated and assembled in
the furnace itself. This also cuts down on the height of the building and on the space needed above
the furnace to handle the welded assemblies. These cannot carry the heavy current over the whole
length since they are rather uneven and of variable conductivity and local overheating may take



place whereby the welds may become unduly stressed. The electrical energy must, therefore, be
applied close to the lower end by way of water-cooled rolls or slip jaws. Joining small briquettes of
sponge by light pressure and by passing of heavy currents in an inert atmosphere with the object of
welding them together in a pile might someday solve the problem of avoiding heavy presses

Usually, the first ingots produced are welded together and remelted as a self-consuming electrode to
yield a large size final ingot. This practice is common in the production of alloys because of the
need for obtaining homogeneity and of eliminating surface inclusions. The second melting under
argon or  in vacuo can be simplified since the premelted electrode now conducts the current well.
The energy may now be introduced at the upper end and it can be allowed to pass through the well-
conducting metal in its whole length. The current may be supplied through the water-cooled copper
pipe, sliding through rubber O-rings and suspended as a simple mechanical gear. The joining of
premelted ingots to produce the consumable electrode for the second melting may be performed
either by nipping the machined ends of by arc welding them together under noble gas, with filler
wire.

Frequently, especially if the power supply is too low, the impurities of the sponge, such as MgCl2,
are condensed on the wall of the copper mould, and if the latter is now being filled with molten
metal,  these  might  not  be  redistilled  upwards  but  may  become entrapped  in  the  skin,  causing
imperfections. The question therefore arises whether one should maintain the bath at a constant
level by continuous lowering of the ingot in function of its formation, or whether it is preferable to
fill the mould, thus raising the bath level continuously. Both solutions are being employed. They are
shown in Figs. 12 and 13. 



It would seem that the continuous casting with constant level would be easier to achieve in the first
melting operation the ingot produced is still not too heavy, so that a light extraction mechanism can
be used, which is a desirable feature when operating in a vacuum. The advantages derived from a
first melting in vacuo and from the continuous extraction of the ingot, are besides a stabler arc, that
the condensates of MgCl2  and Mg are not being entrapped in the melt  at  the cool  copper wall
because they distil off above the constant bath level. This brings about a better ingot skin. However,
it is said that continuous casting is feasible only with low chlorine sponge.

A large chamber can be provided for just above the bath surface in which the impurities can be
collected without falling back in the melt as indicated in Fig. 12. Suitable space conditions for a
rapid escape of gases can be created in this way at a short distance from the electrode tip. This
permits a rapid vacuum degassing by reducing the length of the path which the gases must travel.
The melting sleeve  can  be rather  short  and easy to  replace compared with  the  long and more
expensive mould represented in Fig. 13, which is filled up progressively with metal. However, the
local wear is also heavier in a short sleeve with a constant bath level. 

The question whether to melt in vacuo or under a noble gas is still not settled. It is intimately tied up
with the presence or absence of hydrogen in the sponge. A hydrogen-bearing titanium should, by all
means, be melted in a vacuum but if double melting is used, as is becoming common practice with



alloys for purposes of homogenization, the second melting should be performed under noble gas,
preferably in a mixture of 8 parts of argon and one part of helium, which gives a stabler arc.59  For
simplicity reasons  the mould should be filled progressively with fused metal in the second melting
since the extraction of a big and heavy would require heavy machinery. The first melting in vacuo
eliminates  volatile  impurities  such  as  MgCl2 and  Mg  rapidly  and  a  stable  arc  is  obtained.
Simultaneously most of the hydrogen is removed by dissociation of the hydride solution. One
may ask what quality of a vacuum should be used. Evidently, what is is measured as a vacuum at
the gauges is not what appears under the arc or around the electrode since the gauges are applied on
the cold furnace shell, and they measure only the cold, non-condensable gases. This measurement
gives  at  best  only  a  picture  of  the  tightness  of  the  furnace,  and  it  indicates  the  evolution  of
permanent gases of various origin, The bulk of the pressure under the arce is, however, a composite
resulting  from gaseous MgCl2 magnesium,  titanium,  and hydrogen,  besides  that  of  some other
minor impurities.

Nothing is known about the relative quantities of condensable and of permanent gases evolved from
the melt, and of their partial pressures, but indications are that the total pressure at temperature
under the arc is of an order of magnitude higher than that which the gauges register for the escaping
cold, non-condensable gases. Besides this, one has to consider the free space available the escape of
gases in the melting sleeve to obtain an idea about the pressure conditions under the arc and around
the electrode shaft. The expression “pressure” is used intentionally to indicate that a free flow of
gases at high velocity that prevails in a good vacuum is not being dealt with, but a positive gas flow
brought about by considerable pressure differences, where conditions of free path interfere little or
not at all.

When using tungsten or graphite electrodes the surface above the bath is relatively little obstructed
and the gases may more easily escape, but with a bulky consumable electrode the situation is very
different. The section of such electrodes is made as large as possible to reduce their lengths and to
make them more easy to handle. Therefore, the clearance between mould and electrode shaft is in
this case narrowed down to the extreme limits of safety and usually a clearance of not more than a
few inches allowed between the mould and electrode, This reduces greatly the possibilities of the
gases escaping in the large vacuum chamber above the melt,  the more so since these gases are
driven off at high temperature at which their volume is increased about six times. A pressure build-
up under the electrode and in the narrow space between its shaft and the sleeve is thus unavoidable
and is even absolutely necessary to avoid excessive titanium evaporation as well as glow discharge.
The pressure-rise depends on the relative sections of the mould and electrode, i.e, on the space left
between both, as visible in Figs, 12 and 13, as well as on the length of the path which the gases
must travel before reaching the large condenser chamber.

The pressure of the element titanium at its melting point is of the order of about 5 microns. 60 It is
evident that if a vacuum of the order of one micron could be maintained under the arc of a gas-free
titanium, all the energy input would be used, disregarding radiation and conduction losses, for the
evaporation of the titanium, which carries away all the heat for the phase change from liquid to gas.
The metal would soon freeze because its temperature drop in function of the pressure prevailing at
the bath level, to the corresponding point of temperature related to the one micron | pressure of the
temperature pressure curve, i.e., below the melting point of the metal. This is by no means different
from evaporating water in a vacuum jar whereby ice is formed. Besides this, the phenomenon of gas
discharge might interfere if a good vacuum was maintained around and under the arc.

When evacuating a room filled with argon, in which an arc is maintained between two tips of metal,
there arrives a moment when the arc spreads in the room, because the ionized gases present are
more conducting than the metal vapour of the arc. A glow discharge sets in, which is of the same
nature as that of any neon sign. This phenomenon is ruled by the gas pressure and voltage, and it



also depends on the nature of the gas. When continuing the evacuating, the glow discharge becomes
weaker, and it finally extinguishes completely. Naturally, the fusion of the metal stops long before,
at the moment when the glow discharge starts. It can be seen therefrom, that a good vacuum cannot
be maintained under the arc and that a compromise must be struck as to the pressure admissible for
a rapid degassing while maintaining a steady arc.

The piling up of gases in the space under and around the electrode shows that the quality of the
vacuum obtained by the the pumps is of minor importance considering the pressure produced by the
obstructions put in the path of escape of the hot gases and the influence of dimensioning of the
melting  zone,  provided  the  pumping  capacity  is  high  enough.  Greater  interest  should  be
concentrated on the right dimensioning of the mould as to its length and diameter and to the cross
section of the electrode. Melting in vacuo in a narrow and deep mould annihilates the effect of the
best diffusion pump. How good should the vacuum be, as measured at the furnace shell? No figure
can be given as to this since it also depends, disregarding the just-mentioned geometry factors of the
mould and electrode, on the content of the sponge in volatile impurities. The pumps should have a
volumetric capacity high enough to permit lowering the hydrogen in the ingot to less than 60 p.p.m.,
and the absolute vacuum at the pumps microns is of minor interest. The quality of the vacuum can
and should be better in a second melting of the already degassed metal, provided it does not drop so
low that on one hand excessive titanium evaporation would occur, and that on the other hand there
would be no possibility of a glow discharge.

Degassing titanium may not only be a simple volatilization of impurities such as magnesium and its
chlorides  or  the  liberation  of  a  dissolved  gas  such  as  hydrogen.  Titanium nitride  is  known to
dissociate slightly at high temperatures and repeated arc melting may therefore have a softening
effect because of denitrification. It has never been observed that any reaction took place in the best
vacuum in a carbon-bearing titanium with a few tenths of a per cent of dissolved oxygen. As to
hydrogen elimination, bubbles observed in titanium ingots that froze under argon of atmospheric
pressure indicate that titanium retains this impurity in the fused state, which is partly liberated on
freezing, possibly because of a differential solubility in the liquid and solid state.

One of the basic principles of vacuum metallurgy is that the gas evolution or the evaporation of
constituents of  a  fused,  well-mixed bath takes place only at  the surface,  where the hydrostatic
pressure does not interfere. Consequently, one has to increase the bath surface for a rapid vacuum
degassing. The arc vacuum furnace in its present form with a long and deep melting sleeve is not
well adapted for this task because of its narrow evaporation surface. Some gas evolution can also be
expected from the electrode and from the drops of fused metal that fall in the bath, but the time
given for evaporation is short.

If high vacuum degassing with consumable electrodes was considered, the arc melting arrangement
in a  V,  as  shown by Weiss52  (see  Fig.  10),  would  be preferable to  the high frequency melting
suggested by Magel,61 because of the large space of escape for the gases provided for around the
electrodes.

The Production of alloys by arc melting encounters various difficulties which refer to the even
distribution of additions over the the ingot and to losses by volatilization. Little is known at present
about alloying techniques used industrially, but complaints about inhomogeneity are so frequent
that one can surmise that solutions have not yet been found. Gilbert56 adds the ingredients in the
form of round pills, with a mechanical distributor in function of the rate of fusion. The additions of
the brittle  constituents  such as manganese may be enclosed in  an aluminium wrapping if  both
metals  have  to  be  introduced.  Titanium  being  lighter  than  most  common  metals,  the  heavier
additions  may drop through the  bath  and freeze  to  and remain  unalloyed on the  bottom.  This
phenomenon has been observed even with additions of the readily fusible tin.



If volatile metals such as manganese become stuck to copper mould at the bath surface, the arc may
strike them, and volatilization loss occur. The use of readily fusible, now available master alloys
such as those of titanium with A, V, Fe is recommendable.  Evidently any high manganese alloy will
lose some of its alloying element if melted or remelted in vacuo, if care is not taken that a residual
gas pressure prevails  in  the arc  area,  high enough to meet  the temperature pressure conditions
needed for holding the manganese in the metal. A high vacuum, in this case, may be pernicious.
Oxide and nitride when present in the sponge as specks, are not at all readily absorbed by the melt
and if the melting is fast, which leads to a cool bath, the inclusions may remain undissolved, which
causes local brittleness when processing the ingot to sheet.

The ingots of the first melting cannot, of course, be removed immediately after freezing because of
the risk of surface oxidation and carry-over of oxide to the second fusion. One has to wait until they
have cooled down to a temperature at which the air does not react. Considerable capital expenditure
results from the fact that the furnaces for the first melting operation thus cannot be used during the
the cooling period of the ingots.  Devices may be found to remove the ingot immediately after
freezing, for instance by using a noble gas blanket in the mould while it is displaced, but nothing
had been published about such a complicated arrangement.

After melting and withdrawing the ingot, the furnace may be used again, provided it has not been
exposed unduly to the humidity of the atmosphere. Its internal surface is covered with hygroscopic
material,  especially  magnesium  chloride  and  pyrophoric  magnesium,  which  easily  absorbs
humidity. The latter may be released in the next run, causing hardening of the metal, as well as
adding hydrogen to it. Therefore, the furnace should be held sealed, eventually under vacuum, and a
frequent cleaning is necessary. The pyrophoric condensate constitutes an explosion and fire hazard.
In view of the need for cleaning,  all  inner mechanisms must be of simple construction and as
smooth as possible. The electrode clamps and connections as well as the feeding device should be
arranged in a chamber where they are less exposed to the condensable impurities given off during
melting. The titanium ingots, after melting, may have surface imperfections of various kinds, as
blowholes and entrapped chlorides. The surface can be smoothed by a process developed by Gilbert
and Beall at the Bureau of Mines station in Albany, Oregon, called suitably, “arc machining”. The
ingot held between point  in  a  simple lathe,  and running under noble gas at  low speed,  can be
superficially fused with an arc, struck between a tungsten tip and the metal. Machining to eliminate
the surface defects usually results in a loss of 10 – 15 per cent of metal, while “arc machining” does
not bring about appreciable losses except small unavoidable ones on both ends, which have to be
turned  off  on  a  lathe.  “Arc  machining"  closes  voids  and  pinholes,  while  turning  on  the  lathe
frequently  opens  them.  Surface  arcing  had  already  been  recommended  before  for  the  smooth
surfacing of quartz tubes with an arc struck between carbon electrodes.

Casting titanium raises the problem of crucible and mould materials. Scrap recovery is intimately
tied up with the same questions. Graphite is the only less reactive crucible and mould material used
up to now, but as to the latter, some carbonaceous or some oxide materials which are difficult to
reduce, such as stabilized zirconia, may, perhaps, be considered too, Dead burned or fused calcium
oxide could be recommended but only when used at atmospheric pressure, with a metal that is not
overheated,  since titanium reacts  in  vacuo and at  high temperature with this  oxide.  To avoid a
contact  of  fused titanium with carbon one can melt  with a  temperature gradient  from the bath
through the graphite to a refractory so as to maintain a skull62 of solid titanium in contact with the
graphite,  the  diffusion  of  carbon through the  solid  titanium being very  slow,  This  temperature
gradient can be obtained by a skilful use of refractories, permitting a control of heat dissipation,
Besides this method, low pressure arc melting with a high energy input in a water-cooled copper
sleeve, as can be performed under certain conditions of arc operation, may yield a large pool of
fused metal which is available for tapping or for pouring over the rim.



A similar method with bottom tapping was developed by Simmons,59 who arc melts in a cooled
graphite box with a central tap hole. Titanium being extremely fluid even without over-heating, fills
even  an  intricate  mould  perfectly.  This  process  is  therefore  also  recommendable  for  foundry
work.59,62 Finally, titanium can be fused out of contact with any crucible material by “levitation
melting” with high frequency currents.57,63 This process, which is quite successful on a laboratory
scale, is under development, but difficulties occur with larger batches from the fact that there is no
oxide skin to contain the fused titanium in a kind of egg shell, as is the case with aluminium, since
titanium has the property of dissolving its own oxide,

Scrap Recovery 

At  Present  the  quantities  of  titanium  scrap  offered  in  the  American  market  are  estimated  at
anywhere  between  250  and  1000  tons,  which  are  available  at  from  0.40  to  1.25  dollars/lb.,
depending on purity.64 The purchasing price of processed sponge being between 9 and 15 dollars/lb.,
it  is  understandable  that  the  users  of  titanium are  looking  for  a  market  for  their  scrap,  which
frequently represents 50 percent of the weight that went into fabrication. One has to define what is
meant by scrap, and it is evident that the various kinds available are not equivalent as to quality.
Clean, pure titanium scrap can be remelted in a carbon or tungsten arc furnace with normal sponge,
to  which  it  can be added in  amounts  of  up to  30 per  cent,  provided the final  oxygen content
introduced by the scrap and sponge does not exceed the tolerable level. When melting sponge with
a consumable electrode only little scrap, carefully sized, can be added because of the difficulties of
introduction. Castings can be made by scrap melting in graphite crucibles heated by high frequency
currents, but their usefulness might be limited because of the presence of carbon, which impairs
corrosion and mechanical properties. It is not known to what extent skull melting is being used for
the production of low carbon castings.

Alloyed scrap has to be kept separate and it must be added in the arc melting of alloys of the same
kind. Mixed alloy scrap is mostly worthless. Great difficulties arise when oxidised metal has to be
reclaimed. The oxide may not even be apparent at the surface, since the visible one may have been
pickled off, but enough may remain invisible in the diffusion layer of the skin, beside nitrogen and
hydrogen. Worse still is the heavy scrap that may result from bad forging and pressing operations.
This may be cracked deeply with oxide coats in spots inaccessible for mechanical cleaning. Also
breaking up and sizing such heavy scrap is no easy task considering the high mechanical strength of
the metal and its property of building up on cutting tools.

Other methods of scrap recovery besides remelting are hydrogenisation to embrittle it followed by
grinding under organic fluids and use of the powder produced in powder metallurgy; production of
ferro-alloys free of aluminium, silicon and carbon to be used especially in stainless steel production,
assembling packs of clean sheet metal b welding the rim to metal to thinner sections for re-use;
casting of the scrap in electrode form for purification by fusion electrolysis; and production of TiCl 2

from scrap and TiCl4 and disproportionating the former.

Hydrogenisation can be performed successfully only with thin sections and powder metallurgy does
not offer a big outlet on account of the high cost caused by vacuum sintering. The steel industry
could absorb a good tonnage of scrap titanium, transformed into ferro-alloy, but the obtainable price
of about $2.60/lb., of titanium is low. Reassembling sheet sections by welding applies only to very
specific cases of clean, oxide free, sheet scrap. Usually this can be more easily processed by arc
melting. The fusion electrolysis would be quite attractive if the many problems of running a big cell
with soluble anodes, as described above, were solved, The TiCl2 disproportioning has not yet left
the laboratory benches.



General Properties

Very few metals  combine  such  vicious  and such wonderful  properties  as  does  titanium,  Since
oxygen and nitrogen, once they contaminate the metal, cannot be eliminated or neutralized by any
means or reagents, a vacuum or a noble gas atmosphere must be used whenever it is exposed to a
temperature high enough for a rapid pick-up and diffusion of these impurities into the matrix,

Hydrogen has only recently been fully recognized as a very dangerous impurity in titanium, It may
be introduced through contaminated sponge, when melting the latter under a stagnant noble gas at
atmospheric pressure instead of using a vacuum. This impurity may also be due to pickling in a
fused NaOH /NaH bath or in a solution of HNO,/HF65 containing too little  nitric or too much
hydrofluoric acid,74 The Virgo fused NaOH/NaNO3 salt used at low temperature, is said to introduce
only tolerable amounts of hydrogen,66 Humidity and furnace gases can react at elevated temperature
with  titanium,  which  they  contaminate  with  oxygen  and  hydrogen,  The  obnoxious  effect  of
hydrogen on titanium and on its alloys is quite complex, and it may be enhanced or reduced by
other impurities and by alloying additions. Lenning66 and McQuillan67 show that the solubility of
hydrogen in alpha titanium is about 170 p.p.m. at about 300°C, and it is practically nil at room
temperature,  Precipitation of hydride takes  place within this  temperature interval,  especially  on
strain.

The mechanical properties of hydrogen-bearing titanium and titanium alloys change on storing.
Hydrogen has a bad effect on the notch impact and notch bending strength and it enhances the strain
rate  effect.  Its  action  in  alloys  containing  beta  titanium  is  less  pronounced,  and  titanium
molybdenum alloys are rather little affected by its presence.66 While hydrogen has little action on
the  strength  of  titanium,  it  reduces  the  notch  impact  strength  abruptly  at  the  200  p.p.m.
concentration and shifts the brittle/toughness transition temperature point. The hydrogen influence
on an 8 per cent titanium manganese alloy66 as to notch impact as a function of temperature is given
in Table I. Unnotched specimens showed barely any change with temperature.

It is generally accepted today, that titanium alloys should not contain more than 60 p.p.m. hydrogen
after fabrication. The more beta titanium the alloys contain, the less sensitive they are for hydrogen.
The hydrogen present can be pumped off by annealing in vacuo. Hydrogen equilibrium pressures
have been reported.66 The solubility of hydrogen at 1 micron is about 24 p.p.m. at 715°C, and 15
p.p.m. at 865°C. The degassing in vacuo is quite rapid. A ¼ in, rod with 43 p.p.m. hydrogen lost
about  60  per  cent  of  this  impurity  in  a  40  min.  treatment  at  815°C.  Naturally,  such  vacuum



treatment, if it had to be applied to finished parts, would have to take place at temperatures and for a
length of time which would not bring about recrystallization.

Early experiments with titanium alloys showed considerable stray values as to notch sensitivity and
fatigue strength and this  subject is still  somewhat controversial  today.68 It  seems, however,  that
titanium alloys are more notch sensitive than corresponding stee1s. It is not known how far the
gases that penetrate the skin produce notch sensitivity.

The inversion temperature from the brittle to the tough state as observed with commercial titanium
and with its alloys, is nothing unusual for metals in general. It is shared by the element iron, and the
cracking  of  welded  ships  navigating  in  great  cold  illustrates  this  case,  if  we  disregard  the
complications due also to welding. Structure materials used in planes are normally exposed to great
cold,  and  stainless  steel  of  the  austenitic  type  as  well  as  Duralumin  are  free  from  this  low
temperature embrittlement. It can be understood that titanium alloys used in planes should not show
any considerable alteration of their mechanical properties within the temperature range in which
they must operate. Table II shows how commercial titanium changes its mechanical properties in
relation to temperature, according to Lenning.66 It can be seen that the elongation drops from 100°C.
to 169oC. By more than 50 percent, while the tensile strength is more than doubled. Few data are
available as yet as to the low temperature behaviour of titanium alloys, Spretnak69 examined the
alloys RC-30B with 0.24 per cent C, 3.8 per cent Al and 3.8 percent Mn, and the alloy Ti-150A with
1.3 per cent Fe, 2.7 per cent Cr, trace of C, at room temperature and at — 78°C. The already low
impact strength of these alloys was reduced for the first one to almost 50 per cent, that of the: latter
to 40 per cent of its room temperature value. Iodide titanium ts not susceptible to embrittle ment by
cold.

Some eutectoid, rapidly cooled beta-bearing alloys show severe embrittlement when exposed for a
long tine, especially under stress, to temperatures between 400 and 800oF., i.e, in a temperature area
below and above that of the eutectoids,63,70,71 Alloys with manganese in combination with aluminium
and aluminium bearing alloys in general, which are more of the alpha type, are said to be exempt
from annealing embrittlement,70 In the systems of titanium with iron72 and with chromium, the
transformations around and below the eutectoid temperature are sluggish, and long-time annealing,
as may happen in applications for which such alloys have been recommended in the past, may result
in  segregation  of  the  “omega  phase  “  or  in  concentration  changes,  called   “clustering"  by
McQuillan,72 with pernicious effects on the malleability of the alloys. Ageing, as observed with
certain alloys, may add to these troubles, which are the subject of recent publications.73

The enormous wear resistance and chemical activity of the metal causes a large consumption of
grinding wheels, which may react chemically with titanium, when high speeds and pressures are
applied, The galling of titanium makes machining and forming difficult because it builds up on the
edge of cutting tools and it sticks in pressure forming or drawing on the dies, Plating, oxidizing and
phosphate coating have been resorted to as a remedy against sticking, Galling interferes with the use
of  this  metal  in  parts  subject  to  frictional  movement,  This  property  impedes  its  use  for  gears.
Nitriding  and  carbide  coating  are  recommended  in  this  case  but,  unfortunately,  these  must  be
applied at temperatures too high and grain growths and embrittlement take place All alloys except
those with aluminium and tin, give brittle welds on fusion welding, Alloys are usually strong and
they  harden  when  deformed  in  the  cold  state,  which  makes  forming  a  difficult  operation  and
fabrication in heated dies becomes a necessity. The need for a soft age hardenable alloy to facilitate
forming is evident. The scrap problem is still waiting for a solution. Remelting in an arc furnace is
possible,  but  the  oxygen  of  the  scrap  hardens  the  ingot  made,  Unfortunately,  alloys  develop
orientated properties on rolling, and turning in right angles becomes a necessity. This limits the size
of the sheets obtained to that of the width of the rolls and strip milling cannot be applied to most
alloys.



The low Young’s modulus, less than 60 per cent that of iron, causes high deflections of titanium
under load. The strain rate in in tensile strength determinations has a profound influence on the
elongation data obtained and a fast rate may double it. A similar behaviour has been observed for
molybdenum and tungsten.  Creeping  at  room temperature  is  considerable  but  preliminary  cold
stressing alleviates it.

To this crushing enumeration of vices one may oppose a list of excellent titanium properties. First,
there is its high strength to weight ratio. Its corrosion resistance to chlorides, especially to seawater,
is outstanding and it can be used also in the most aggressive solutions of FeCl3 and CuCl2, as well
as in wet chlorine.  Maritime applications are most attractive,  as, for instance, the hull  of Navy
planes, in the discs and blades of the compressor parts of gas turbines used in such planes, where
stainless  steel  might  corrode.  Low  specific  gravity  combined  with  high  strength  especially  at
temperatures between 200 and 400°C., where titanium is superior to stainless steels (see Fig. 14),
may bring about weight savings of up to 50 per cent in gas turbine wheels and blading. Titanium
firewalls in aircraft can be used up to 1100oC and they resist thermal shock wel., The resistance of
titanium alloys to  water  cavitation and to  steam erosion is  said to be much better  than that  of
stainless steel. The shell impact resistance of the alloys is remarkable, and it is said that weight
savings of 15-25 per cent can be accomplished with titanium alloy armour plates.

Titanium is not subject to stress corrosion except under the most severe conditions. The chemical
attack is usually smooth and free from pitting. Titanium is inert to body fluids and its high strength
suggests its use in surgery.

It is not intended to expose here the physical metallurgy of the alloys which has been worked out
quite well  and which can be looked over in the specific literature.74,75 However,  some practical
aspects  of  the  use  of  titanium  will  be  sketched  below.  The  hardening  effect  of  the  metal  by
interstitial elements such as nitrogen, oxygen, carbon and hydrogen follows this enumeration in
falling order, the latter having but little action. Fig, 15 shows the very rapid hardening of titanium



by  small  additions  of  the  three  first  elements  as  well  as  the  corresponding  lowering  of  the
elongation. Carbon hardens relatively little, but it reduces weldability, resistance to shock and to
corrosion, The elongation of iodide titanium is lowered with 0.2 per cent nitrogen, oxygen or carbon
from 40 to 12, 27 and 23 per cent respectively.

At present a  titanium sponge giving a hardness of less than 150 Brinell  after  melting,  with an
oxygen content of less than 0.07 per cent, nitrogen less than 0.02 per cent and hydrogen below 60
p.p.m., and a trace of carbon is considered as being of good quality. The hardness test is usually
made by button melting with a tungsten electrode under argon and due to the chilling effect of the
mould, variations of at least ± 5 points can be expected. Impurities such as Fe and N 2 may enhance
the chill effect and may contribute to the hardness variations. Iron is frequently a constituent of
titanium alloys. However, if iron free alloys are desired, most of the sponge on the market does not
give satisfaction. American A-1 grade, for instance, contains up to 0.3per cent Fe. Japanese sponge
with less than 0.1 per cent Fe is usual and metal from the same origin with a hardness below 130
Brinell can be bought. Iron may contribute to the medium temperature embrittlement of certain
titanium alloys.  The  claims  as  to  its  inoffensiveness63,74 should  be  re-examined,  especially  for
complex alloys exposed for a long time to medium temperatures.

The main mechanical properties of various commercial alloys are given in Table III.

Aluminium and tin are now considered as the most promising additions for titanium. Both raise the
transformation temperature, narrow down the mixed alpha beta field and produce alpha alloys that
have high strength at medium temperatures, while being weldable by fusion. The properties of a 5
per cent Al, 2.5 percent Sn alloy at 600oF are given as follows: U.T.S. 65,000lb/in2 yield strength
46,000 Ib in2: and elongation in 2 in. 17 percent. While many alloys have been reported with a
U.T.S.  of  120,000 lb/in2  at  800oF all  these  have  shown embrittlement  in  1,000 hr  runs  at  this
temperature.



Manganese titanium alloys are recommended for their good bending properties for sheet work.

Fabrication

A brief outline of fabrication problems and processes74 will now be given. The titanium ingots, as
they come from the arc melting, are machined superficially to remove surface imperfections. They
are heated up usually in furnaces fired with oil or natural gas, but the flame should not impinge on
the batch. This practice is being revised from the angle of hydrogen pick-up and electric heating is
taking over. Forging is done either in presses or with hammers, the former being preferable78 on
account of the possibility of slow and deep deformation which reduces the risk of cracking. The
forged ingots are then rolled in ordinary steel blooming mills, but the revolutions must be reduced
to  ½ compared  with  those  used  in  stainless  steel  rolling,  the  metal  being  sensitive  to  a  rapid
deformation. The plates obtained are, after cooling, cleaned by heavy grinding with wheels mounted
on a beam. They can, after reheating to medium temperatures, be rolled like stainless steel.

The removal of defects in titanium alloy sheets is not easy since the whole sheet must be heated up
to  intermediate  temperatures  because  it  would  crack  when  cold  ground  at  the  spot  where  the
grinding wheel is applied, on account of the thermal expansion and low ductility. Cleaning of sheets
for removal of a thin oxide coat has been done up to now either in a sodium hydride bath, in a So-
called Virgo or sodium nitrate/hydroxide bath,  or mechanically by steel shot blasting,  the latter
method now having preference on account of the fact that it does not offer much possibility of
introducing  hydrogen.  The  finish  pickling  can  be  done  with  HNO3/HF solutions,  provided  the
former acid is held at a concentration higher than 20 per cent and the latter below 2 per cent.65

The oxide visible at the surface is probably the less harmful one. It has been shown that diffused
surface oxygen that is invisible increases the tensile strength and reduces the elongation of the
metal, and that pickling such material brings the original good bending properties back, despite the
fact that some hydrogen may soak in. Recently, finished titanium parts were submitted to a vacuum
treatment below the recrystallization temperature it is claimed that the better properties obtained are
to be attributed to a dehydrogenization. This might be true, but oxygen diffusion into the metal is
more probably a factor n the improvement. The surface defects and hardness caused by oxygen
might  well  be  responsible  for  a  part  of  the  trouble  with  low impact  and  fatigue  strength.  All
straightening of alloyed material must take place in the hot state. Wire drawing is performed on
oxide coated material, deep drawing on phosphate coated sheet.79 Extrusion is now being studied.800

Good results have been obtained in presses capable of extruding steel. High velocity is essential to
avoid excessive die temperatures, dies usually being made of sintered hard metals. Tubes have been
produced by extrusion, but these can also be obtained by welding a round strip of titanium under
noble gas and drawing to the desired diameter. Extremely thin sheet is being made on Sendzimir
mills.



Uses

At present about 80 per cent of all titanium made in the U.S.A. is used in the unalloyed form and
practically all of it goes into military applications. These concern the navy, army and aviation. The
former is interested in the use of titanium, for instance, in Snorkels for submarines, where corrosion
from exhaust gases combines with seawater action.  The second wants titanium for its  lightness
combined with strength for all equipment which must be transportable or airborne. The case of a
mortar base plate has been referred to in the literature.  Alloyed titanium for armour plates
is a large field of possible use with considerable weight savings. The protection of the aviator with
such alloy plates is indciated. The main prsent and prospective use is in aviation and in guided
missiles especially when aerodynamic skin heating must be coped with. The question as to where to
use titanium and its alloys in a plane has been examined by Teed82 and Hanink.68 The latter found
that a commercial titanium alloy that could be considered as a substitute for a high-quality steel in
connecting rods of aeroplane engines had as good a strength in the polished unnotched state as the
steel, but only one fifth of it when notched. These properties dropped also in the notched steel
sample, but not as much as that and part of the drop could be restored by shot blasting, which latter
is harmful to titanium. However, it is still not definitely established how notch sensitive titanium
really is.

A serious  competitor  for  titanium alloys,  also  at  medium temperatures,  appears  to  be  the  age
hardenable stainless steels, which the author recommended in 1931,83 and which are now under
serious consideration.  The elements  Ti,  Al,  Mo,  Mn,  Si  in combination with nickel  confer  age
hardenability to steel in general.84 A stainless steel of this type mentioned by Bedford gives a tensile
strength of 195,000 lb/in2,  a  yield strength of 182,000 lb/in2,  besides  19.5 per  cent  elongation.
Another steel indicated by Lena86 shows at 800oF a U.T.S. of 179,000 lb/in2 and an elongation of
13.5 per cent.  Such steels  display a high yield strength,  which does not drop much at  medium
temperatures. The advantage of hardenability by ageing, which permits processing in a soft state
will be appreciated.

In aircraft construction, the life of a part made of titanium and its initial cost decide the possible
advantage of substitution with regard to payload saving. The motor would take titanium wherever
medium  temperatures  and  high  strength  are  concerned  but  some  of  the  obnoxious  properties
mentioned above have yet to be overcome before applications will become possible.

Unalloyed titanium is used in engine nacelles and in landing gear doors of a commercial plane with
200lb weight saving and in tail assemblies of jet fighter planes to replace stainless steel. It is evident
that in high performance planes the price of the metal plays a smaller role than in commercial
aviation. Experiments are being made with titanium alloy wing coverings and frames. The fastener
problem is under examination, too.87 Since high strength alloys must be used for rivets so as to save
weight, the riveting must be done in the hot state because alloys are not ductile enough
and work hardening is too rapid. Extra strain as caused by the contraction of the metal is, however,
introduced in hot riveting. With bolts, galling in the threads is a nuisance; that is being overcome by
various means, for instance by plastic coatings. Besides this, notch sensitivity and relaxation in the
threads under high load interfere in this application.

The Future

An inquiry made by Senator Malone88 in the U.S.A. has thrown some light on the conditions of the
slowly  growing  American  titanium  industry.  The  present  demand  of  aviation  alone  may  be



estimated at 100,000 ton/yr., but the sponge produced up to now at the rate of not more than 3,000
ton/yr. has been partly put in the stockpile. This seems rather odd. The main reason is that usually a
dimensional change must be made in an aircraft part whenever one switches from stainless steel to
titanium and there is no possibility of rapidly changing over again in the case of non-availability of
titanium. Such design modifications cannot be accepted if the supply of titanium sponge is not
guaranteed under  all  circumstances.  Considering the small  annual  production of the metal,  one
single aircraft part might draw a very large proportion of the supply. The development of a larger
titanium industry is also greatly handicapped by the scarcity of trained titanium metallurgists, which
fact is not astounding, considering the special knowledge required for making and processing this
unorthodox metal.

The daily  production  of  sponge may now reach 20 tons  with  only  three  companies  operating.
Estimates  foresee  a  production  capacity  of  upwards  of  20,000 ton/yr.  by  the  end of  1957.  All
producers are under the threat of a new and much cheaper process being discovered, The risk of this
is mostly taken over by the U.S. Government. As shown in this report, there is at present barely any
new process visible for use in the near future, which might radically change the price of the metal.
The fusion electrolysis has to overcome enormous technical difficulties before becoming practical,
and its introduction is still far off. The substitution of sodium for magnesium is probably not going
to reduce the sponge cost appreciably. Much more can be expected from progressively lowering the
price of titanium chloride which, today, represents about 60 per cent of the sponge cost. A lot will
also be saved if the cost of melting and fabricating of the metal can be reduced. One pound of
titanium in the ore is worth less than 2 cents, as sponge $4.50, as ingot about $6.00 and as sheet
around $15.00, The manufactured part is usually many times more expensive. This enumeration
shows  where  the  most  promising  savings  could  be  made.  Organized  scrap78 reclaiming  would
considerably reduce the very high fabrication cost.

Titanium must be considered as a prospective substitute for stainless steel, where it permits saving
large  amounts  of  scarce  alloying  elements  such  as  chromium and,  especially,  nickel.  With  he
depletion of high grade nickel ores, which has already forced the metallurgist to resort to ores with
less than 1:5 per cent Ni, titanium seems to have a very bright future.
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TOOL STEEL DEVELOPMENT

A.P.T. TAYLOR-GILL.
Edgar Allen & Co. Ltd.

(A Paper presented to the Birmingham Metallurgical Society November 7th, 1957).

It is not proposed to embark upon any classification of types of tool steel in which there has been no
really startling development since the invention of high-speed steel some sixty years ago, but rather
a constant endeavour to improve existing types by relatively small amendments to analysis and a
similar endeavour to improve the quality of the tool steels produced.

Whilst some success has attended these efforts in both directions there still remains plenty of scope
for further effort, as for example in the realisation of the Utopian conception of one tool steel type
for  all  purposes,  manufactured at  an economic price,  or  in  the  solution of  the  ubiquitous,  and
pressing, problem of how to cast and process tool steel in such a way that the constituents, and
impurities, are evenly distributed,

It is not to be seriously supposed in the light of present knowledge, that the former objective can be
attained completely, but there does not seem to be any valid reason why the types of tool steel
should not be very considerably reduced as compared with present practice, with great benefit to the
manufacturer and the user, ad realisation of the latter should not be beyond us in this scientific age.

In the newer types of tool steels, the 5% chrome family, now largely used in hot work application,
specially interests the author, in that a very low carbon variety, 0.07 max. C., 5.0 Cr., 0.5 Mo., 0.5
V.,  which  was  developed  for  cold  hobbling  properties,  has  something  of  the  answer  to  both
problems, for there is so little carbon in it that it is not prone to carbide segregation, and yet, with an
austenitising treatment which achieves adequate solution and diffusion of constituents, a hardness
of 426 V.P.N. can be obtained, and, with modern gas carburising equipment with the necessary dew
point control, the interesting possibility of selecting both the case depth, and the case composition
to within plus or minus five points  of carbon, and so making either the medium carbon hot work
steel or the high carbon cold work types all from the one steel exists with the added attraction of
being able to hob any cavity which i capable of being bobbed cold whilst the steel is in the annealed
condition.

Figs. 1,2 and 3 show the steel in be annealed condition and after austenitising 5 mins. at 1090" C.,
interrupted quench to equalise at 500o C, followed by air cooling, hardness 426 V.P.N.



This steel has great possibilities, having quite good hot work properties and, within the limitations
of its tensile strength of about 85 tons maximum in the uncarburised condition, may satisfy the
requirements of some hot stamping applications where it is required to hob the die impressions, it
may also be used for hobbed inserts  in pressure die-casting dies,  the purpose for which it  was
originally developed. It has been very successfully used for cut, as well as hobbed, moulds for the
plastics industry,  being suitable for injection,  transfer and compression moulding, the high core
strength underneath a 0.030 in case at the "scratch proof" hardness of 800 V.P.N. minimum prevents
sinking in the latter and damage from very unskilled press operators in the former processes.

Another and less usual application which was successful was the cold pressing of a stainless steel
component, in which 80 tons/in2 was actually applied, the finished cavity of the die having been
cold hobbled, nd then carburised to 0.050 in. depth, at a hardness of 820 V.P.N., and recently dies
for a re-pass, incorporating a form which would have been very awkward to cut, have been hobbed
as a matter of convenience,  and then heat treated in a  similar way, and are giving satisfactory
service.



Case Study

before embarking upon a brief examination of some aspects of time-temperature transformation as
affecting steel structures and the treatments to attain them, and a more detailed study of actual
treatments with well-known tool steel types, and the resulting structures, the case study of rough
and difficult punching operation is submitted.

The operation consisted of punching 1¼ in. x ⅛in. slots through ⅝in. silico=manganese steel at all
temperatures between perhaps 1,150o C. and room temperature, and the structure shewn in Figs 4
and 5 is that of a flat punch used in an 80 year old machine, which completed more than 26,000
holes before breaking.

This punch operated on hot material only, and the hardness of the punch was 780 V.P.N. before
going into service and 756 V.P.N. on completion. Similar punches have also completed unusually
long runs on cold punching of the same slots in the same material at 250/280 Brinel, some having
worked alternately hot and cold throughout their life, but the number of slots. punched on cold
material, over a number of punches, would be around 7.000 average, as compared with 19,000 on
hot material. The treatment given to this particular punch was 30 min, austenitising at 1,040 o C., 1
hour isothermal exposure at 300o C., air cooled, and two 1 hour tempering exposures at 540°C. 

Comparable results were achieved by other punches treated in the same way, but with a 4-hour
isothermal exposure at the same temperature, Fig. 6 and 7, illustrating the structure produced, but
other punches transformed direct to martensite by an interruption of the quench to equalise only at
300o C.,  otherwise  as  the  above treatments,  only.  punched half  the  number  of  slots  but  under
operating conditions of this nature, on piecework and night shifts, the incidence of unfair loading is
very high, and very much extended test would be necessary to make a fair assessment of the relative
values in service of the three structures. Fig. 8, 9 and 10 show the structure.

This case study is mainly concerned with first punch described, in that it proved so greatly superior
in service to any punch ever before used in this operation.



.

Structures of this type would fit the 50% shock loading category in Table I whilst the same steel
with the short isothermal treatment, followed by sub-zero treatment at -300o C., at a hardness of
around 860 V.P.N. fits the 25% category, ad when heavily tempered to 500 V.P.N. it resists wedging
and bursting stresses in the to 100% shock loading classification.

Extensive investigations by many worker, following the publication, in 1930 of the first so-called
“S"  curve  by  Bain,  Davenport  and  Grossman1,  have  resulted  increasing  knowledge  becoming
available  on  the  transformation  of  austenite,  during  continuous  cooling  and  under  isothermal
conditions.



This knowledge is  presented in  the form, of continuous cooling,  and isothermal transformation
diagrams, and considerable metallurgical specialisation is necessary to understand or interpret these
fully.

For the limited purpose of this Paper, type diagrams only are shown, in Fig. 11, representing four
main types of tool steel, and this merely for the purpose of illustrating the relative difference in time
available for transforming austenite to other structure constituents.

The theory indicates that steel may be heated to a temperature, and for a time, which will dissolve
all or part, of its constituents of structure into a homogeneous solid solution termed austenite, and
that it may then be resolved into other constituents of structure on cooling, of which, in order of
appearance, ferrite and pearlite are relatively soft, whilst bainite and martensite are relatively hard.
The  other  significant  constituent  of  tool  steel  structures,  carbide,  may,  depending  on  its
composition, be relatively soluble, or insoluble, in austenite, and of varying hardness.



When it  is  appreciated that  a different T-T-T diagram could be prepared for each difference in
solution and diffusion  of constituents in the austenite of any given composition of tool steel, and
that, in the case of highly alloyed steel, the difference could be so significant as to alter the position
of  the  Ms  point  to  an  extent  that  would  preclude  the  application  of  any  accurate  isothermal
treatment based on a particular diagram, and that variations in carbide arrangement of tool steels of
the same analysis also exert an influence, some measure of the complexity of the practical approach
may be achieved.

Once the fundamental transformation pattern for a particular austenitising technique in relation to a
given analyse of steel can be established, it is possible to evolve a. practical treatment schedule
flexible enough to accommodate the normal variations in analysis and carbide distribution and still
give reasonably consistent result in terms of structure.

Structure for Service Conditions

Resistance to wear is the common denominator amongst the properties required of tool steels in
service, but frequently other desiderata, such as resistance to shock, or heat, or the capability of
being machined, impose the necessity for the utilisation of structures which are less than optimum
in this respect, but it is suggested that, in all cases other than special purposes, the creation of a
structure of maximum homogeneity, and therefore close distribution of finely divided particles of
the constituents, at maximum usable hardness, should be the aim, and this type of structure should
be modified only from the point of view of hardness to meet the toughness required.

Hardened structures are highly stressed, and their usefulness in service decreases in accordance with
the incidence of unequal stress concentrations, whether a a result of shape, surface discontinuities,
or inequalities of distribution of constituents.

The  most  equal  distribution  of  constituents  is  achieved  by  complete  solution  and  diffusion  in
austenite, followed by the type of transformation which reconstitutes the structure in its most finely
divided form, and in contrast,  structures containing a high proportion of constituents which are
insoluble  in  austenite,  and unevenly  distributed,  fail  in  service,  because of  stress  concentration
effects, more ready than homogeneous ones (Figs. 12,13 and 14).

It is clearly desirable to achieve the best possible distribution of this excess carbide throughout the
structure by all means available from the casting of the ingot to the finished bar, and likewise it is
profitable to consider the possibilities of toughening the matrix by isothermal type treatments which
achieve transformation by nucleation and growth, rather than more drastic lattice shear action.



Some of  the  types  of  structure  applicable  to  tool  steels  are  listed  in  Table  I,  together  with  an
indication of their service features, and heat treatment techniques which apply to them are set out in
Table II

These are intended as a guide for those not accustomed to thinking in terms of structures for service
conditions, or to the practical utilisation of isothermal type treatments.

Temperature  ranges  intended  to  apply  to  the  above  descriptions  are  indicated  in  later  sections
dealing with treatment technique, but it is intended to be understood that medium, heavy, and very
heavy  tempering,  in  the  case  of  alloy  tool  steels  of  high  carbide  stability,  include  secondary
hardening operations, where coalescence of carbide with reduction of hardness;  may take place
simultaneously with transformation of austenite.

Maximum wear resistance at even lower hardness may be developed by direct transformation to
other  types  of  structure,  the  guiding  principle  suggested  being  that  solution  and.  diffusion  of
constituents in the austenite should be maximum, and that stability of the transformation products
should likewise be maximum under the operating conditions

Structures  containing  high  proportions  of  unstable  retained  austenite  such  as  the  extreme case
shown in the electron micrograph (Fig. 15) are of little use in service, as they may transform to
highly  stressed  unsuitable  structures,  and  grow  to  an  extent  that  cannot  be  accommodated,
particularly in hot work applications. 



For special purpose, differential structures may have to be tolerated, as in! the case of hardened and
unhardened portions of the same tool and carburised surfaces, in which cases some compromise
may be necessary in terms of full transformation and stability of structure. 

Photo micrograph (Figs 6,7, 8, 9, 16, 17,18, 19}, and electron micrograph (Fig 10) illustrate the
types of structure envisaged in the various categories, and typical applications would be as set out
below.



 

Nil  to  25%
Shock Loading

Well supported cutting tools cutting continuously on uniform materials in rigid machine tools. The
type  of  cutting  frequently  performed  by  cemented  carbide  tools  including  special  press  tool
applications  usually  suit  higher  hardness  range  of  this  category,  whilst  cutting  tools  generally,
working under good conditions, and some press tool applications, may be accommodated in the
lower part of the hardness range

25% to 50% Shock Loading

The category best suited to general machining, including intermittent cutting, and embracing the
general  run  of  engineers'  tools  for  cutting  metal,  wood  and  othr  materials.  Also  includes  a
proportion of the press tool cold-work field, where conditions are good, and duty comparatively
light.

50% to 75% Shock Loading



Including almost all the difficult cutting tool applications where edge holding, or wear resistance
has to be sacrificed for toughness, and perhaps the majority of press tool applications for cold work,
as well as a proportion of those for hot work.

75% to 100% Shock Loading

The  special  purpose  applications  in  hot  and  cold  work  as  well  as  all  general  duties  to  resist
maximum repeated impact.

Treatment Technique

To be generally useful to toolmakers, many of whom lack metallurgical facilities, practical methods
of attaining. the structures described with normal heat treatment shop equipment are mandatory, and
these are suggested.

In  view  of  the  slightly  different  meanings  attributed  by  different  people  to  the  terms
"Austempering" and "Martempering,” it is not proposed to use either of them, but to rely instead on
the following nomenclature.

Heating Phase

Interrupted Heating - To indicate all methods of achieving temperature equilibrium throughout the
mass being heated at a stage prlor to the point at which austenite is formed.

Austenitising - To describe the operation of heating in the temperature range in which austenite
forms.

Cooling Phase

Quenching -  To include  all  methods  of  continuous cooing intended to  produce  hard  structures
(Conventional treatment).

Interrupted Quenching - To indicate all methods of achieving temperature equilibrium throughout
the  mass  being  quenched  at  some  stage  of  continuous  cooling  to  produce  hard  structures
(Martempering).

Isothermal  Transformation -  To  describe  al  methods  of  producing  hard  or  soft  structures  by
exposure to a constant temperature. (Austempering, Tempering, isothermal annealing).

The objective in  tool  heat-treatment  should be to  produce a particular  structure,  which implies
particular dimensions, and to obviate any other dimensional change due to distortion.

When steel is heated and cooled quite substantial changes in volume have to be accommodated, and
whilst there is much published information as to the extent of these volume changes (3, 9} it may
suffice for the practical considerations of this Paper to assess these in very general terms, in that
expansion takes place on heating until the structure becomes austenite, when there is a contraction
taking place until martensite forms, when there is an expansion.
As a generalisation, both the contraction and the expansion are of a less order in high alloy than in
low alloy or plain carbon steels.



Clearly it is advantageous to secure, so far as is possible, that these volume changes take place
throughout the entire mass within the shortest possible time interval as between, say, the centre and
the outside, and thin sections and thick sections, or distortion will ensue, and interruption of heating
and cooling cycles close to the onset of these volume changes is a practical method of doing this,
just as uniform heating of the whole mass up to the interruption point, and cooling down to it,
contribute to the same purpose

If heating or cooling could be applied uniformly to the whole mass, there would presumably be no
limit to the speed of the cycles, but with normal heat treatment equipment used for tool treatment,
this is not possible, and therefore slow beating and cooling offer the best prospect of avoidance of
severe temperature gradients within the pieces being treated.

As to the net gain or loss in size likely to be experienced with tool steels attributable to structure
constituents and discounting gross distortion, the author has sustained an impression, based upon
actual measurement of tools and dies before and after heat treatment extending over some years,
that the limits are within the range minus 0.004 in. and plus 0.002 in per inch, for tools which
responded sufficiently to treatment to be usable from a hardness point of view.

This is, nevertheless, a formidable possibility of size change, quite apart from distortion, which
could be of any magnitude, and it is undoubtedly the inability of toolmakers to control or predict
size changes of this type which has led to the present practice of breaking down tooling wherever
possible in such a way as to ensure final accuracy to close limits by final grinding.
Whilst  it  is  not  believed  that  anything  approaching  perfection  can  be  attained,  it  is  definitely
suggested that the following methods will reduce the size change due to distortion and control the
size change associated with structure composition. 

Stage 1

Room temperature to 500/550°C. Forced air circulation furnace, or other dry furnace with similar
heating characteristics. Time sufficient for mass involved to attain temperature.

The purpose of this stage is to reduce thermal shock and prevent excessive temperature gradients in
the early stages of heating. Tests on butt welded components, consisting of carbon and high-speed
steel, which are very sensitive to thermal shock, confirm the value of this stage, and tools may
safely be placed cold into this type of furnace at temperature

Stage 2

500/550o C, to interrupted heating temperature, which should be Ae1 for the analysis involved less
20o C. Suggested temperatures would be 850o C for high-speed steels, 770°C. for high carbon high
chrome steels, 700o C for carbon manganese oil hardening types and 680o C. for plain carbon tool
steels.  Salt  bath  or  dry  furnace  depending  on  the  degree  of  surface  protection  desired.  Time
sufficient for mass involved to attain temperature,

Stage 3

Interrupted heating temperature to austenitising temperature, working on the basis that temperature
is  more  effective  than  time  in  promoting  solution  and diffusion  of  constituents  of  structure  in
austenite , and that grain growth does not start until soluble constituents are in solution. Where
temperature  differential  is  great  a  further  stage  may  be  introduced,  or,  where  convenient,  the
austenitising temperature may be reduced towards the interrupted heating temperature on transfer
and then recovered.



It is suggested that the highest austenitising temperate which can conveniently be applied should be
those selected, handling considerations in the heat treatment shop dictating the time cycle to be
used.

Even  if
it were possible to work on as short a cycle as 30 sec. for tools of all masses, say by resistance or
induction heating, the heterogeneity of structure inherent in most high alloy tool steels introduces
areas of carbide concentration, and consequent lower melting point, which would, in fact, melt at
this temperature, so it cannot be considered. Likewise, 24 hr. would be completely uneconomic,
even if  advantageous and so 2 min.  at  1,280o C. or,  say 4 min.  at  1,250o C.  would b ea more
acceptable technique for 18/4/1 high speed steel. Fig, 2 illustrates this point.

It is suggested that this austenitising may be better done in a salt bath than a dry furnace, even In the
lower range of temperatures where surface damage is  not excessive,  because it  is  necessary to
separate  the  total  time  involved  in  the  austenitising  operation  into  the  proportion  devoted  to
attaining temperature, and the proportion at temperature, and this it more accurately assessed by eye
in a salt bath than a dry furnace, especially when surface protection is being used in the latter.

It is not normally convenient to use very high austenitising temperatures as time becomes critical
under  such  conditions,  and  the  routine  of  the  heat  treatment  shop  would  be  upset  by  any
preponderance of short cycle exposures requiring constant attention.

It is therefore normal to select time and temperature combinations which allow at least 15 minutes
at a lower temperature rather than, say, 30 seconds at a very high one, for tool steel types other than
high speed.

Suitable austenitising temperatures for the commonly used tool steels on this basis would be 7700 C
for plain high carbon, 820o C for plain -60 C. steel, 800o C. for 1% C, 1% Mn. Cr. W. type oil-
hardening steel 1.030o C for 2% C. high carbon high chrome and 5% Cr. Molyb. steels, 1,050o C for
5% Cr, Molyb, tungsten steels, and 10% Tungsten types.

It  is  very  difficult  to  make  recommendations  as  to  time  required  to  attain  the  austenitising
temperature, as naturally recommended in this paper are followed, and salt baths used at least for
the austenitising exposure, the margin of wide error will be obviated, and the relatively long, and
therefore non-critical time at temperature will take care of small errors in visual assessment as to
when the work has in fact reached the austenitising temperature.



In the  case  of  high-speed steels  however,  high austenitising  temperatures  are  obligatory  as  the
complex carbides will not go into solution to any extent with any commercially practicable holding
times at temperatures below 1,200o C.

The following basis of calculation used by the author is helpful in this connection. The time to
attain temperature has been determined pyrometrically by one of the prominent heat treatment plant
makers,  whilst  the  time  required  for  adequate  solution  and  diffusion  of  constituents  has  been
calculated by the author on the assumption that the time required for a certain degree of solution
and diffusion may vary as the fourth power of the temperature differential between Ae1 taken as
870o C., and the austenitising temperature used.

The author has checked this purely hypothetical assumption against metallographic evidence as to
the  degree  of  solution  of  carbide  actually  attained,  and also against  the  response  to  secondary
hardening of high-speed steel austenitised in this way, and found it to be of some value.

The limiting factor in achieving the desirable degree of solution and diffusion of constituents in
austenitising is necessary for avoidance of grain growth or any of the other indications of over-
heating,  and  selected  techniques  should  be  check  metallographically  in  order  to  exclude  the
possibility of severe damage to service properties inherent in them.

It will be noted that Table III is calculated on the basis of relatively homogeneous structures, but as
these are comparatively of rare occurrence the author himself applies the total times given above,
less 25x, as a standard approach, but also reduces total time even further at the highest temperature
of 1,280o C when heat treating material of known badly segregated prior structure.



Whatever degree of solution and diffusion of constituents of structure may have been achieved in
the austenitising exposure, and clearly a  high degree is at all times desirable, the vital thing is that it
should be controlled as well as may be, as the hardenability is of course directly linked with it, and
uniformity of response to any method of subsequent transformation can only be approached by
exercising this control, even if it  still  remains subject to the various inconsistencies of structure
existing prior to heat treatment

Stage 4

Austenitising temperature to interrupted quench or isothermal transformation, temperature, which,
for minimum distortion should in all cases be above the Ms point for the steel involved, but where
some distortion can be tolerated may be below the Ms point, but above atmospheric temperature
when direct transformation to martensite is required.

Where  transformation  to  bainite  is  desired,  the  quench is  interrupted  at  a  selected  temperature
between the  bainite  start  and finish points,  and transformation  then  proceeds with  time at  this
temperature.

The cooling rate necessary for this operation depends on the alloy content of the steel, the speed
required to suppress transformation to soft products at what is termed the “top nose" being very
great with carbon tool steels to the extent that water quenching would only achieve a fast enough
rate on very small sections, less great with medium alloy steels, whilst, with high speed steels there
would be approximately 5 min. in which to reduce the temperate from 1,280o C. to 700o C., as
compared with, perhaps, 1 sec to reduce from 780o C. to 500o C.  in the case of 0.8% carbon straight
carbon steel,

Thus it will be appreciated that the high alloy tool steels are capable of being comparatively slowly
cooled from the austenitising temperature to the interrupted quench, or isothermal transformation
temperature, without the degree of athermal shock, and subsequent risk of distortion, applicable to
straight carbon and low alloy tool steels, and it is suggested that, where surface considerations will
permit, or where controlled atmosphere cooling facilities are available, part of the cooling from the
austenitising temperature should be in air, otherwise, in salt.
Stage 5

The interruption of the quench, or isothermal transformation to soft or hard structures. The former
involves  equalisation  of  temperature  between  work  and  bath  at  a  temperature  which  nay  be
determined  in  a  practical  manner  in  the  heat  treatment  shop  by  quenching  samples  from  the
controlled  austenitising  exposure  into  salt,  at  decreasing  temperatures,  until  actual  hardening,
detected by a file, takes place, which may be taken, for practical purposes as the Ms point for the
steel concerned, in relation to the austenitising technique employed.

The interrupted quench temperature may then be established say, 30o above this temperature, and
the range of temperature in which bainite forms may likewise be established in relationship to the
Ms point.

For all practical purposes, where tools are to be treated by both methods of transformation in one set
of  equipment,  the  selected  bainite  transformation  temperature  may  be  used  as  the  interruption
temperature  also,  for  there  is  an  incubation  period  of  time  more  than  sufficient  to  permit
equalisation  and  removal  from  the  salt  bath  where  straight  transformation  to  martensite  on
subsequent cooling is desired.



Isothermal transformation to the lower bainite region followed by tempering should, in the author's
opinion, be the preferred method of achieving all degrees of hardness with all tool steels to which it
can be applied economically. That is to say, the method has everything in its favour, from the point
of  view of  toughness,  reduction  in  distortion,  preservation  of  dimensions,  stability  of  resulting
structure, uniformity of structure, and uniformity of residual stress content at any hardness level, but
it is probably not possible to achieve quite as high a hardness level within commercially possible
holding times as can readily be obtained from straight martensitic structures, as the highest hardness
is  associated  with the  lowest  transformation temperature and the longest  time factor.  With this
reservation, proper development of isothermal transformation should, in the author's opinion, lead
to early adjustment of most present-day conventional treatment methods, for production of hard
structures in all tool steel of the requisite hardenability.

The author's  practical work in this  field suggests that  with all  tool  steels  there is  a continuous
pattern of transformation which may be exploited in this way from the point at which austenite
stability cease, all the way down to the lower temperatures at which transformation is so slow as to
be  of  little  commercial  interest,  and that  if  the  areas  at  present  shown on conventional  T.T.T.
diagrams of high alloy steels s barren of actual transformation potential are indeed so, then it is
apparently possible to create a predisposition to transform, on subsequent cooling, quite differently
from anything to be achieved with the same steels cooled otherwise than after isothermal exposure
in this temperature range.

As to the practical value in service of structures which are produced isothermally in the temperature
ranges above that associated with lower bainite, the author has some service evidence that some
such  structures  may  be  of  interest,  although  its  not  clear  whether  their  success  in  particular
applications has not been due to a proportion of completely stable austenite, under the operating
condition, rather than any virtue in other constituents of the structure.

In this connection the recent work of some of those associated with the earliest research on the
subject9 shows clearly that in the case of a nickel chromium molybdenum steel of eutectoid carbon
content, transformation to martensite, followed by tempering, produces better mechanical properties
than  isothermal  transformation  in  all  temperature  ranges  other  than  that  associated  with  lower
bainite, and it is reasonable to suppose that this would apply to some degree to the hyper-eutectoid
tool steels.

In any event, so far as fully transformed structures are concerned, the author's practical experience
of tool steels in service entirely supports the evidence that the most finely divided structure is to be
preferred, at the smallest grain size at which it can be attained, and any deviation from this general
case would be in the form of a deliberate sacrifice of some mechanical properties to suit a special
case.

Isothermal transformation to soft structures is also possible, using the same austenitising technique,
but it should be borne in mind that such structures, though very finely divided, and having good
wear resistance, and taking a high surface finish, are not necessarily as easy to machine as similar
structures obtained by isothermal transformation from austenitising methods achieving a less degree
of solution and diffusion of constituents.

There is some choice of temperature for isothermal annealing, but, as a generalisation, the softest
spheroidised structures produced in this way result from the highest temperatures of transformation,
short of the point at which austenite again forms, whilst harder spheroidised structures are obtained
with lower” transformation temperatures9.

Stage 6



Cooling to atmospheric, or sub-zero, temperatures, involving transformation to martensite in the
case of interrupted quenches, and some transformation to martensite, and possibly further bainite
transformation,  in the case of isothermal  transformations to bainite.  It  was always thought  that
martensite would form only athermally, but evidence now exists that it also forms isothermally,6 so
the reactions taking place during this stage may be very complicated, but, from the purely practical
point  of  view,  transformation  from the  type  of  austenitising  technique  recommended  is  rarely
complete at atmospheric temperatures. and may be taken to completion, or nearer completion, by
either cooling to, or isothermal exposure at sub-zero temperatures.

The  author  has  used  minus  30°  C.  as  a  standard  sub-zero  treatment  for  many  years,  and,  or
convenience, tools normally stay overnight at this temperature, the normal daily routine. having
brought them to this stage by the end of the day, but that does not imply that shorter cycles or lower
temperatures, may not be equally or more, effective. Cyclic isothermal treatments8 at higher and
lower temperatures, including sub-zero temperatures, are also effective in transforming relatively
stable retained austenite where it is desired to do so.

Normally, sub-zero treatment would be applied to tool steels which retained an excessive amount of
austenite as a result of the standard austenitising treatment, but whose carbide lacked. the stability
to resist coalescence at the normal secondary hardening temperatures.

Stage 7

Tempering  and secondary  hardening.  These  operations  may be carried out  in  salt  baths  or  dry
furnaces, but if the former is used suitable precautions must be taken to avoid thermal shock in the
initial stages of heating highly stressed components. In the classification of structures earlier in this
paper reference has been made to very light, light, medium, heavy and very heavy, tempering, the
temperatures in mind varying in accordance with the types of tool steels, but very light would have
the same significance for all tool steels, referring to the range of temperatures between 110o - 150o

C.,  at  which  some  rearrangement  of  structure  apparently  takes  place,7 resulting  in  a  gain  in
toughness, with very little loss of hardness. Hot oil is a convenient medium for this operation.

Light tempering would apply to temperatures between 150o - 180o C. for the low alloy or straight
carbon steels, or 150o - 250o C., for the high alloy steels.
Medium would cover 250o - 500o C., for the high alloy steels, though in practice the range 250o -
450o C., is normally used, and 180o - 300o C. for the low alloy and carbon steels. Heavy tempering
would correspond to 250o - 300o C. for the low alloy, and beyond the secondary hardening range for
high alloy steels, whilst very heavy tempering is intended to refer to the tempering range 300o - 450o

C. for low alloy, and 580o - 650o C. for the high alloy steels.

Secondary hardening may perhaps now be considered as an isothermal operation,  in  which the
transformation of austenite to martensite takes place at the secondary hardening temperature as well
as on the way down to it. Where transformation to bainite is involved, exposure at the secondary
hardening temperature  would  be  followed by further  exposure  at  the  lower  temperature  in  the
bainite transformation range, and some current physical metallurgical opinion supports the practical
advantages of multiple exposures of both types in promoting more complete transformation

In the author's experience, however, special tool steel treatments incapable of being accommodated
into  at  most,  two working days,  make little  appeal  to  the  majority  of  toolmakers,  and all  the
treatments listed in Table II have the advantage of being capable of accomplishment within this
space of time.



Summary and Conclusions

1. Having regard to the high degree of skill employed in the manufacture of tools, and the accuracy
attainable, and the present state of physical metallurgy knowledge, there is scope for the practical
application of some of this knowledge towards improved efficiency of tool steels in service. 

2. Distortion can be gradually reduced by the use of methods of heat treatment calculated to lessen
temperature gradients in heating and cooling and to achieve relatively homogeneous structures of
low residual stress differential content.

3. Service conditions of tools may be assessed in terms of the structures which will satisfy them,
and technique may be employed to reproduce such structures accurately, within the limitations of
the analysis and homogeneity of the tool steel concerned.

4. High surface density at all levels of hardness contributes to maximum wear resistance of tools in
service, and this condition is promoted so far as soluble constituents of structures are concerned by
austenitising methods calculated to achieve the most effective solution and diffusion of them, within
the  limitations  of  acceptable  grain  size,  followed  by  transformation  methods  suited  to  the
development of finely divided homogeneous structures of the type required.

5. The term "toughness" implies many properties, but the fine division of constituents and the low
level of residual stress differential sought after by the treatments described in this paper should
contribute towards it.
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If people get the governments they deserve, perhaps it is equally true to say that engineers get the
materials  they deserve.  What is  certainly true is that they do not always get the materials  they
demand.

It  is only quite recently that engineers have,  in fact,  demanded anything at  all.  For five or ten
thousand years they were content to accept what the metallurgists provided and improvements in
design came after improvements in materials. During this period, the incentive behind the search for
new materials, with the possible exception of the early steels, stemmed almost entirely from the
metal-worker’s own interest in his craft. Even the coming of the steam and internal combustion
engines made little extra demand on metallic materials - steel and brass seemed amply sufficient for
the new machines - and when the extraction metallurgists turned up with a genuine wonder-metal in
the shape of aluminium all anybody could think of doing with it at first was to make it into a dinner
service for Napoleon III.

A big  change  occurred,  however,  about  25  years  ago,  when  the  aircraft  industry  first  became
confident that it had a future, and designers turned their thoughts to structures having unprecedented
combinations  of  strength  and  lightness.  After  centuries  of  independent  development,  the
metallurgist suddenly found himself subject to exhortation from the user. The initial emphasis from
the aircraft designers was on lightness, and to satisfy his needs magnesium alloys, based on a metal
with a density of 1.7, were produced. For applications requiring higher strengths a remarkable series
of aluminium alloys was developed, and these successes encouraged the belief that as far as new
materials were concerned, to ask was to receive.

Then  came  the  gas  turbine,  and  with  it  a  very  considerable  increase  in  the  pace  of  demand.
Materials capable of operating under far more severe combinations of temperature and stress than
ever previously considered were now required, and density remained as important as ever. In an
attempt to meet these requirements extensive programmes of metallurgical research were put into
operation. An outstanding product of this research effort, without which little progress would have
been made in the field of jet-propulsion, is the series of Nimonic alloys developed by a group of
Birmingham metallurgists. Another important development was the rapid transformation of titanium
from a laboratory curiosity into an industrial material. But difficult though it may be, it is easier to
draw up an  advanced design  for  an  aircraft  on  paper  than  it  is  to  produce  the  new structural
materials with which to build it, and in spite of the successes scored by metallurgical research in
recent years, the designers have moved on, and materials still lag behind in the gas turbine field.

In other fields too, new demands have arisen, mostly as a result of the coming of nuclear energy.
Though already hard-pressed, metallurgical research has been asked to produce materials not only
having high strength at elevated temperatures but conforming to the restrictions imposed by such
considerations as neutron absorption and behaviour under neutron bombardment.

So far it has not been possible to control the 60-odd elements which rank as metals sufficiently well
to provide something to suit all requirements, but metallurgists are doing their best to co-operate
with nature in the production of materials which come nearer to the engineers’ heart’s desire than
those at present available. For this purpose, it will be necessary to depend very heavily on a group
of
metals which, because they have hitherto been relatively little used tend to be known collectively as
the “new metals.”



Properties of the New Metals

Nearly all the “new metals” which are likely to find more immediate use as structural materials fall
within the group known as the Early Transition Elements. Essentially, they are the Group IVa, VA
and VIA metals of the first, second and third Long Periods. Titanium may be included within the
group for the sake of completeness, though it may by now have lost its title to the name new metal.
Beryllium (Group I, First Short Period) is the only new metal of any immediate importance lying
outside this compact group of elements, though in Groups IIIA and VIIA are to be found the metals
scandium, yttrium, lanthanum and rhenium which might prove to have useful properties if their
fundamental scarcity could be overcome, and some of the rare earth elements may perhaps make a
future claim to be included.

Present interest in the new metals is readily explained by a brief consideration of their properties in
relation  to  current  needs,  which  for  the  aircraft  industry  is  above  all  high  strength  at  high
temperatures. It is obvious that a high-temperature material must have a high melting point, and this
condition is fulfilled by all of the nine transition elements included among the new metals. Some of
their melting points are very high indeed, as can be seen in Fig. 1.

Low  density  is  another  desideratum  for  aircraft  applications,  in  which  strengths  are  usually
compared in terms of the strength to weight ratio rather than absolute strength. Here beryllium with
a density of only 1.8 would score, but for a high temperature alloy a melting point above that of
beryllium 1,200° C. would be needed, and obviously some compromise between melting point and
density will have to be made. Comparison of the density plot with the melting point plot (Fig. 1)
gives  an  immediate  lead  as  to  the  elements  likely  to  provide  the  best  melting-point/density
combination. For most of the elements considered, melting point and density go hand in hand, but at
niobium and molybdenum there is a sudden large increase in melting point without a corresponding
density rise. These, therefore, must be considered to be among the metals most likely to provide the
basis for future high temperature materials.

Unfortunately, strength is not the only factor on which the suitability of a high-temperature material
depends. Reaction with atmospheric and fuel gases panicle, another very serious obstacle to the
development of new materials for use in modern aeroengines. From, this point of view it has to be
admitted that the performance of the otherwise favoured group of nine new metals ranges from poor
to catastrophic as indicated in Table I. The difficulties are indeed formidable; volatile oxides, liquid
oxides, dissolution of oxygen in the metal all  these are encountered,  and with the exception of
chromium, in no case is a protective oxide scale formed. Oxidation rates of several of the new
metals are compared in Fig. 2 and those of niobium and nickel in Fig. 3. The heavy scale formed on
a sample of a niobium—4 at % chromium alloy after 54 hours at 1,000° C, in air is illustrated in
Fig. 4. It is evident, therefore, that under the conditions in which they would be required to operate
as high-temperature materials, nearly all the new metals in unalloyed form would be hopeless. From



the oxidation point of view chromium stands out as the most promising, and this fact has justified
its inclusion, with niobium and molybdenum, in the small group of metals most likely to become
the  high-temperature  material  of  the  future,  even  though  its  melting  point  and  density  do  not
promise so advantageous a strength to weight ratio at operating temperatures as for the other two
elements.  An  additional  disadvantage  of  chromium is  that  it  can  be  embrittled  by  very  small
quantities of nitrogen, which must be avoided during all processing and other operations.



Problems connected with high temperatures also occur in the nuclear energy field. Current plans to
operate  reactors  at  higher  temperatures  will  require  fuel  assemblies  and  structural  components
which not only retain adequate strength under neutron bombardment at the new temperature level,
but  which will  also withstand attack by the  moderator  and the  coolant,  not  merely  for  several
hundred hours, as with aero-engine components, but possibly for years. Other reactor requirements
demand that materials used must in general absorb as few neutrons as possible, must not give rise to
excessively  lethal  or  long-lived  radioactive  isotopes  under  neutron  bombardment  and  must  be
capable of being fabricated to a variety of special shapes such as very thin-walled tubing.



No metal satisfactorily fulfils all these conditions, and it is customary to start from the least bad.
The capture cross-sections for neutron absorption listed in Table II make it obvious that neutron
absorption will be least for beryllium and zirconium, small for niobium, molybdenum, chromium,
vanadium and titanium fairly large for tantalum and tungsten and very great indeed for hafnium.
Beryllium and  zirconium are  likely,  therefore,  to  be  the  best  metals  on  which  to  base  reactor
materials if they can be made to fulfil the other necessary conditions sufficiently well.

In  addition  to  low neutron  absorption,  beryllium can  offer  low density,  an  appreciably  higher
melting point then other light metals and hence a wider range of operating temperatures, very good



corrosion  resistance  and  an  exceptionally  high  modulus  of  elasticity.  The  paramount  problem
associated with the use of the metal as a reactor material  is the great difficulty experienced in
fabricating the required shapes due to lack of ductility in directions parallel to the c-axis of the
crystal.

Zirconium has generally good corrosion resistance to add to the advantage of its low capture cross-
section, and, unlike beryllium being readily available, it is becoming more and more important as a
structural material for nuclear projects. From the manufacturing point of view, zirconium, happily
poses no major problems now that it is treated with due respect in the finely divided condition, and
it has been found, furthermore, that industrial experience with its sister-element titanium can be of
the greatest value in handling the newer metal. Some limitations to the usefulness of unalloyed
zirconium have given rise to the development of zirconium alloys. These limitations stem from a
rapid decline in strength with increasing temperature and from a tendency to catastrophic corrosion
in the presence of water at high temperatures, the latter being especially severe when the metal
contains dissolved nitrogen. Attack by carbon dioxide at elevated temperatures is another hazard to
which zirconium. is subject. Alloying, however, has alleviated both major difficulties, and most of
the zirconium now required for nuclear purposes is supplied in the form of an alloy containing 1.5%
Sn, 0.12%, Fe, 0.05% Ni and 0.10% Cr, known as Zircaloy 2.

Though.  zirconium  is  at  present  the  most  generally  useful  nuclear  engineering  material  for
applications in which low neutron absorption is important, higher operating temperatures will call
for an alternative. Guided by the capture cross-section list, the next choice falls on niobium. A small
amount of this metal has already been used for nuclear purposes, but major advances in the high
temperature field will depend on our ability to overcome the basic difficulty of its high reactivity. In
the unalloyed condition niobium will react with pile gases and with many of the materials with
which it is likely to come in contact in the reactor at temperatures above 400°-500° C., and the
problem may well be aggravated under neutron bombardment. The high temperature strength of
niobium, however, will probably be adequate for most reactor requirements, and when pure, at any
rate, the metal is sufficiently ductile to be fabricated into almost any form required. Use of niobium
in future  reactors,  therefore,  will  be governed largely  by the  success  or  otherwise  achieved in
attempts to reduce the high-temperature reactivity of niobium without destroying its ductility - as
indeed is the case for other potential uses of the metal.

Vanadium is  another  material  which  the  possession  of  a  low capture  cross-section  for  neutron
absorption and a high melting point has suggested for use in nuclear engineering, but so far it has
found only limited application. Furthermore, for future high temperature requirements vanadium
seems unlikely to compete with niobium, since it has the same limitations to an even worse degree,
and smaller potential rewards in terms of high-temperature strength. In a similar way, titanium is
unlikely to find appreciable uses in the atomic energy field because it can offer little more than
zirconium and yet has a higher neutron absorption, though there may be a few special environments
in which the corrosion resistance of titanium is sufficiently superior to that of zirconium to justify
its use. No atomic energy applications have been suggested for chromium even though it is not a
strong neutron  absorber,  its  greatest  disadvantage  being  the  considerable  risk  of  embrittlement
which would exist under reactor conditions.

If reactors are made so efficient by the use of enriched fuel or by fundamental changes in design,
that high rates of neutron absorption can be tolerated,  capture cross-section will  become a less
important criterion of material selection, and under such conditions the really high melting point
metals, molybdenum, tantalum and tungsten could theoretically be used. All have been mentioned
in connection with nuclear engineering from time to time, but until further progress fas been made
in reducing their reactivity at elevated temperatures it seems unlikely that they could play a major
part in extending the range of reactor operating temperatures.



Among the new metals under consideration hafnium has by far the greatest power of absorbing
neutrons. It is indeed among the strongest neutron absorbers available and could thus be of value
when it is desired to slow down nuclear reactions, as for instance in reactor control rods. This point
illustrates the errors into which normal chemical ways of thought can lead in the nuclear field.
Chemically, hafnium and zirconium are so similar that they always occur together in nature and are
very difficult to separate. Yet from the point of view of neutron absorption they are at the opposite
ends of the scale, and the greatest care must be taken to reduce the hafnium content of zirconium
destined for reactors to no more than a few parts per million.

Though the aircraft and nuclear energy industries are those which make the most severe demands
on metals, new developments in other fields are bringing to light a variety of special requirements
for new materials. The electronics industry, for instance, is making increasing use of tantalum in
electrolytic condensers, for which the thin tenacious tantalum oxide film is especially suitable in
having good dielectric characteristics and in being impervious to the electrolyte and self-healing.
Other uses for new metals will also appear once the major applications have provided the incentive
needed  to  initiate  their  development.  The  chemical  industry,  for  instance,  is  taking  increasing
advantage of titanium, which in this particular connection remains a relatively new metal and is
now finding uses for the excellent resistance of niobium, tantalum and molybdenum to attack by
various highly corrosive substances chiefly in the form of linings for large vessels. Small outlets for
tantalum  and  titanium  arise  in  bone  surgery,  for  which  purposes  they  have  two  valuable
characteristics. they are impervious to corrosion by body fluids, and they provide surfaces on to
which flesh can grow.

Present Knowledge of the New Metals

From the foregoing discussion, it appears that except for chemical applications the materials needs
of modern engineering, taken as a whole, can be summed up as high strength with low density in
the medium, temperature range, and high strength with oxidation resistance at high temperatures. In
the high temperature case, the lowest density that can be combined with the other two properties
must be added. Whether for high or low temperature uses, the required properties must be combined
with  sufficient  ductility  to  render  the  material  fabricable,  and  for  nuclear  energy  applications
neutron absorption must be taken into consideration. Although these requirements can be stated
fairly simply, their fulfilment will be far from simple, and if success is to be achieved without the
kind of luck that wins £300,000 for 2d. all relevant scientific knowledge will have to be called upon
in order to ensure that the effectiveness of the research effort devoted to new materials is as great as
possible.

To provide a starting point it may be of value to review what is known about the new metals. As
already mentioned, beryllium is a fairly straightforward divalent metal having unusually high elastic
moduli but very limited ductility in some directions in the crystal lattice. Increased purity has, as is
so  often  the  case,  brought  improved  deformability,  but  working  remains  difficult.  For  pure
beryllium, the only lines of advance appear to be modification of manufacturing techniques and
control  of  crystal  arrangement  in  a  way which  permits  the  available  slip  planes  to  be used to
maximum advantage. When alloying is permissible, attempts might be made to change the axial
ratio of the hexagonal crystals, or to replace the hexagonal structure by a more ductile one. The
latter  alternative will  be difficult,  however,  because for size factor  and electrochemical reasons
beryllium will tend to form inter-metallic compounds of complex structure with other metals, rather
than the simpler type of phase which might be expected to be ductile.



The other new metals can be considered as a group. All can exist in a body-centred cubic form
(although titanium, zirconium and hafnium are hexagonal at low temperatures and chromium may
he  face-centred  cubic  at  temperatures  near  its  melting  point)  and  all  are  ductile  when  pure.
Embrittlement is caused in each metal by the absorption of interstitial impurities, but sensitivity to
small amounts of impurity increases on passing across the Periodic Table from Group IVA to Group
VIA. It seems reasonable to associate this increase in sensitivity with a corresponding decrease in
the solubility of oxygen, nitrogen, etc., which occurs on moving from Group IVA to Group VIA,
arguing  that  in  elements  such  as  titanium  and  zirconium,  in  which  interstitial  impurities  are
extensively soluble, small amounts of interstitials will be dispersed throughout the structure and that
though they would cause hardening due to their impeding effect on slip processes a considerable
degree of ductility would be retained; whereas in the Group VIA metals, in which. the solubility of
oxygen and nitrogen is  low,  interstitial  atoms would accumulate  in  the disturbed region of  the
crystal lattice at the grain boundaries, and though the individual crystals would remain ductile, the
bulk material would be brittle because of the occurrence of intercrystalline fracture.

Ductile/brittle transformations occur in the whole series of elements at temperatures depending on
the amounts of impurities present. Even in commercially pure titanium and zirconium the transition
temperature is below room temperature. Vanadium, niobium and tantalum on the other hand, have
to be specially purified in order to reduce the transition temperature to an equivalent level, though
this can be achieved without great difficulty. Chromium, molybdenum and tungsten normally have
transition temperatures well  above room temperature,  and though success has heen achieved in
preparing samples which are ductile at room temperature a considerable amount of research is still
being directed towards the improvement of the room temperature mechanical properties of these
elements. The addition of small quantities of other metals having very high affinities for oxygen and
nitrogen, for example, has been tried as a means of removing harmful impurities from the grain
boundaries, and some success has been achieved, especially with molybdenum.
Explanation  of  the  decrease  in  the  solubility  of  interstitial  impurity  elements  on  passing  from
Groups IVa to VIA may be sought in the relative sizes of the metal atoms and hence the dimensions
of the interstitial space. As seen from Fig. 5 the atomic radii decrease markedly with increasing
Group  Number,  and  it  could  be  suggested  that  in  chromium,  molybdenum  and  tungsten  the
interstices were too small to accommodate oxygen and nitrogen atoms, except at grain boundaries
where the periodicity of the lattice is disturbed.

Unfortunately, this simple picture is spoiled by the fact that the solubility of hydrogen in the early
transition metals follows much the same pattern as that of oxygen and nitrogen, even though the
hydrogen atom is so much smaller than those of the other impurities that it is unlikely to suffer from
the same spatial limitations. Factors governing the dissolution of oxygen, nitrogen and hydrogen in
the  new metals  appear,  therefore,  to  be  a  very  worthwhile  field  of  study which  could  help  to
overcome the fundamental difficulty of room-temperature brittleness.



Information is available on a number of the physical properties of the transition elements included
among the new metals. It has been found, for instance, that Young’s Modulus, which is low for
Group IVA elements increases very markedly on moving from Group VA to Group VIA (Fiig. 6).
Electrical resistivity, on the other hand, does the opposite. As indicated by Fig. 7 specific resistivity
falls  markedly  between Groups IVA and VA and less  markedly  between Groups  VA and VIA,
though even the Group VIA metals have high resistivities compared with those of non-transition
metals. Magnetic susceptibility on the other hand is low for Group IVA elements, high for Group
VA and low again for Group VIA.

It is obvious from the few examples given that the behaviour of the early transition metals conforms
to an overall pattern. A number of attempts have, in fact, been made to put forward a coherent
theory of the whole series of transition metals based on the properties already mentioned together
with others such as soft X-ray spectra and electronic specific heats. The value of the paramagnetic
susceptibility  of  the  non-ferromagnetic  transition  elements,  for  instance,  is  proportional  to  the
density of energy states at the Fermi-surface, and the temperature coefficient of susceptibility is
related to the first and second derivatives of the density of states. Thus, it can be argued that in
titanium and chromium, for which the temperature coefficient of susceptibility is positive, the Fermi
energy  lies  close  to  a  minimum in  the  density  of  states  curve  for  the  d-band.  Unfortunately,
however, it is not possible to deduce from a series of such arguments for each separate metal the
shape of the whole density of states curve, since a d-band of any given shape is unlikely to apply to
the group of elements collectively. Similar difficulties tend to be encountered in any approach to the
theory of the transition metals.

The position has been reviewed by Hume-Rothery and Coles1, and more recently some further ideas
on the electronic nature of the transition metals, based on data obtained from experiments on X-ray



scattering together with the magnetic properties of transition metals and their alloys, have been put
forward by Mott and Stevens.2 No completely satisfactory picture has yet been formulated, however,
and  it  appears  that  the  next  step  forward  must  await  the  collection  of  sufficient  experimental
evidence, more particularly on the alloys of the transition metals with each other, to permit the
formation of a strong empirical hypothesis which can then be tested more rigorously.

Lack of a basic theory of the transition metals does not necessarily mean that the development of
useful  materials  from  among  the  new  metals  must  be  done  without  the  help  of  the  more
fundamental ideas of metallurgy. In producing materials of high strength, for instance, much of the
recent work on the deformation of metals is of the highest value, and if strength were the only
criterion for a new material, it would probably be possible to produce what is needed without very
much difficulty.

First principles applied to the oxidation problem, however, produce smaller result.  Fundamental
investigations of oxidation reactions have indeed been carried out, and it has been fairly clearly
established that the protectiveness of an oxide film depends on its physical fit with the metal on
which the film is formed and the difference between the temperature coefficients of expansion of
metal and oxide. If the film is protective its rate of growth is determined by the rate of transfer of
anions,  cations and electrons  through the oxide layer,  the chemical  potentials  of oxygen at  the
metal/oxide and oxide/gas interfaces, and the electrical conductivity of the oxide. Though, like all
theories, that of oxidation does not necessarily fit all the experimental facts, it is sufficiently well
substantiated to make it possible to write a rough recipe for an oxidation-resistant alloy. It is quite
another matter, however, to prepare such a material from the ingredients at our disposal.

It is in tackling the latter problem that the lack of a complete picture of the electronic characteristics
of the metals is the most serious handicap. At present hypotheses from which predictions regarding
oxidation behaviour can be made must be built up by direct observation of oxidation processes in a
wide  range of  metals  and alloys,  and only  when sufficient  experimental  information  has  been
collected will it be possible to estimate the chance of finding a sufficiently oxidation-resistant alloy
among the new metals. On the other hand, of course, the next oxidation test carried out might reveal
the ideal material, but it is not very likely.

An answer to the oxidation problem may require so fundamental a change in the character of the
metals studied that there is a considerable danger of losing, partly or wholly, the properties which
make  them  of  potential  value  as  high  temperature  materials.  It  must  be  hoped  that  with  the
successful outcome to the oxidation work will come sufficient understanding of the factors involved
to permit adjustments necessary to preserve the desired mechanical properties to be made without
destroying oxidation resistance. The need to solve the two problems simultaneously is one of the
strongest reasons for the emphasis placed on understanding at all stages in the process of alloy
development. Without it, it would be very difficult to modify suitably an alloy found to have good
oxidation characteristics but poor creep properties or vice versa.

Current State of the Work

Studies  of  the new metals  aimed at  high temperature materials  have been going on, mainly in
America, for the last five years or more, and work on beryllium and tantalum for a limited range of
applications has been in progress for many more years.

Niobium research has revealed alloys which have oxidation resistance several hundred times better
than that of the pure metal, which means that though the target has not yet been reached, there is
good reason to believe that its attainment will be possible. The most oxidation-resistant materials
prepared so far have had rather poor mechanical properties and have been difficult to work.



lt is generally accepted that molybdenum-base alloys are unlikely to be of high-temperature use
without a protective surface coating, and though coatings have been developed which are successful
under some conditions, none has yet appeared which can withstand the rigours of the gas-turbine.
Tungsten, which presents much the same problems as molybdenum is less far advanced.

Chromium has been held back by the handicap of room temperature brittleness. At one time it was
thought that this might be an inherent characteristic of the metal itself, but intensive Australian work
has shown that chromium can be ductile at room temperature if the nitrogen content is reduced to a
very low level indeed. At present the very high purity material is prepared by a carefully controlled
electrolytic process. If a larger-scale source of supply became available development of chromium
alloys would be considerably encouraged, and though a year or two ago it was felt that the chances
of ultimate success were slight there has been a recent resurgence of interest which may herald an
important step forward.

The present position regarding vanadium is not hopeful. Thorough investigation of its oxidation
behaviour  led  American  workers  to  the  conclusion  that  it  was  hopeless  as  a  high  temperature
material,  and no developments have occurred elsewhere which could challenge this view. Some
people, however, see vanadium as a higher-strength rival to titanium in the low-temperature field.

Tantalum, though not a favourite for high-temperature use, has sufficient promise to have justified
some alloy development work in America, but no great progress has been reported. A good deal is
known, however, about the preparation and fabrication of the pure metal.

Of  the  Group  IVA elements,  titanium and  zirconium are  established  industrial  metals  and  for
titanium, at any rate, the alloys have been widely studied. Hafnium is only just beginning to come
into the picture, and little is yet known about it.

‘The toxicity of beryllium has confined work on this metal to a few special laboratories whose
interests  are  such as to  discourage publication of the results.  The aircraft  industry,  however,  is
believed  to  be  interested  in  the  possibility  of  high-strength  beryllium alloys,  and  if  the  metal
eventually becomes available for non-nuclear purposes it is probable that alloy development work
will have to be undertaken.

Future Outlook

In  the  foregoing  discussion  the  difficulties  of  obtaining  the  new materials  made  necessary  by
modern  technological  development  have  been  emphasized.  The  example  of  history  suggests,
however,  that  if  the  result  is  needed  badly  enough  success  will  ultimately  be  achieved.  The
materials  we  now  call  new  metals  will  always  be  expensive  compared  with  the  common
constructional  materials  because  of  the  basic  difficulties  of  obtaining  them  from  their  ores,
purifying the product, and melting and processing without contamination, quite apart from paying
for the very large amount of research which will be needed to develop them to a useful state, but
increased demand and the savings resulting from experience will very probably have their usual
effect of reducing the price to an acceptable level, as has already happened to a large extent with
titanium and zirconium. If and when this happens, the metals discussed in the present article will no
longer be new but will become a vital part of our transport and power producing industries.
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SOLIDIFICATION OF GREY CAST IRON

H. Morrogh and W. Oldfield, B.Sc.

(A Paper presented to the Birmingham Metallurgical Society in 1959)

CAST iron is the most important casting alloy in general use. It can have a very wide range of
properties; for instance, the tensile strength can vary between about 10 tons per square inch and 60
tons per square inch, depending upon composition, alloying element content and heat-treatment. It
is a highly complex alloy, normally containing the elements carbon, silicon, manganese, sulphur
and  phosphorus,  and  usually  also  containing  significant  proportions  of  trace  elements  such  as
titanium, arsenic, antimony, aluminium, etc., which influence the properties and behaviour of the
material in a significant manner. 

The material may, according to composition and cooling rate, solidify with all the carbon in the
combined  form as  cementite.  Such  materials  are  known  as  white  cast  irons.  Alternatively,  by
appropriate adjustment of composition and cooling rate, most of the carbon exists in the free form
as graphite. Most cast iron used in engineering applications has the carbon in this form and such
cast irons are known as grey cast irons. A typical microstructure of a grey cast iron is illustrated in
Fig. 1, in which flakes of free carbon or graphite can be seen in an apparently random pattern.
‘These flakes interrupt the continuity of the metallic matrix and by this means confer the
characteristic properties of the material. 

Most grey cast irons of commerce are the so-called hypo-eutectic cast irons which usually have a
carbon content less than that given by the expression:

4.3 - ⅓(Si + P)



    

This  Paper  is  devoted  exclusively  to  the  consideration  of  these  hypo-eutectic  cast  irons,  since
industrially these are the most important,

The graphite structure in grey cast irons can vary between wide limits and the mechanical properties
vary in a corresponding manner. For instance, as is shown in Fig. 2, the graphite structure may be
very  coarse,  or  as  is  shown  in  Fig.  3,  the  graphite  structure  may  be  very  fine.  Innumerable
combinations  of coarse and fine graphite  structure are  possible  and in addition,  by appropriate
treatment, the so-called nodular cast irons can be produced, in which the graphite exists as nodules
or spheroids, as illustrated in Fig. 4. In these materials the graphite does not interrupt the continuity
of the metallic matrix and much higher levels of mechanical properties can be achieved than are
possible with the flake graphite cast irons.



The  properties  of  cast  irons  are  largely  determined,  therefore,  by  the  form and  pattern  of  the
graphite, and by the amount of that constituent. This in turn is determined by the changes that can
take place during the solidification process. It is the object of this Paper to illustrate how the factors
influencing the solidification process and the resulting structures of the material can be interpreted
on a rational basis. 

Solidification of Grey Cast Iron in Simple Terms

The solidification process occurring in ordinary hypo-eutectic flake graphite grey cast irons can be
described very simply and is illustrated schematically in Fig. 5, which illustrates successive stages
in the solidification process. At the beginning of solidification there is a separation of austenite in
the  form  of  primary  dendrites.  This  continues  over  a  range  of  temperature  with  progressive
enrichment in carbon of the remaining liquid. This process continues until a4 temperature of about
1,120°-1,160" C. the carbon content of the liquid is equal to the eutectic value given by the formula:

4.3 - 1/3(Si +P)





At this point, from a number of centres or nuclei, there is a simultaneous separation of graphite and
austenite in the form of the so-called eutectic, Solidification of this eutectic takes place often on a
more or less spherical crystallization front and continues until all of the liquid is consumed so that
immediately after solidification the primary dendrites of the austenite of the eutectic are continuous
and there is a dispersion of graphite flakes originating from the eutectic transformation distributed
through a matrix of austenite. The top picture of Fig. 5 depicts the separate austenite dendrites; the
middle  picture  shows  the  graphite  of  the  eutectic  cells;  and  the  bottom picture  illustrates  the
structure immediately after solidification.

Each unit of eutectic growth originating from one nucleus is known as a eutectic cell.

Strictly, the pattern of solidification illustrated in Fig. 5 applies only to low phosphorus materials.
Many cast irons contain significant quantities of phosphorus which segregates to the boundaries of
eutectic cells and ultimately solidifies at a much lower temperature in the form of the well-known
phosphide eutectic or steadite. 

A typical cooling curve obtained of a hypo-eutectic grey cast iron is illustrated in Fig. 6. At point A
the separation of austenite dendrites begins, continuing until point B is reached. The portion of the
curve indicated by B and C represents the eutectic arrest,  during which there is a simultaneous
separation of austenite and graphite. The material being completely solid at point C. By quenching
during the eutectic arrest from a point such as D, the solidification process can
be halted and the pattern of growth studied. For instance, Fig. 7 shows such a quenched sample.
Well-formed primary austenite dendrites now transformed partially to martensite can be seen and
near the centre of the section there is an incompletely grown eutectic cell which contains a fine
dispersion of graphite. Due to the rapid cooling involved in quenching, the remainder of the melt
has solidified in the form of white  iron eutectic in which the carbon is  present largely as iron
carbide or cementite. Similar patterns are obtained when coarse graphite irons are quenched.

   



Nucleation and Growth

The explanation above appears very simple, and it is pertinent to enquire how the diverse structures
and the wide range of mechanical properties are obtained in cast irons and to understand this better
it is permissible to simplify the solidification process still further. This is done in Fig. 8, where the
solidification of the eutectic only is depicted. It can be seen that solidification starts from a number
of points or nuclei and proceeds by the growth of the eutectic aggregate of austenite and graphite
from these nuclei. This growth process continues until solidification is complete. Solidification is,



then, a process of nucleation and growth. Factors which influence the solidification process must do
so either by influencing the nucleation, that is, the number of points at which solidification starts, or
the manner in which the growth process proceeds. Of course, some variables may influence the
nucleation and growth processes simultaneously.

It  is  convenient  to imagine that  in  any molten cast  iron there are  a  number of  variously sized
particles which can potentially function as nuclei, that is, as points for the initiation of solidification.
At a certain temperature these nuclei can begin to grow, the larger nuclei first, and then on further
cooling the smaller nuclei. Where the cooling rate is slow, the latent heat involved by the growth of
the  large  nuclei  is  sufficient  to  arrest  the  fall  in  temperature  of  the  mass  of  metal,  no further
undercooling occurs, and no other nuclei begin to grow. However, if the cooling is more rapid the
growth of the larger nuclei will be inadequate to arrest the drop in temperature of the mass of metal,
more undercooling occurs, and more nuclei grow. This permits us to make the first generalization
about the factors which determine the number of growing nuclei. The more rapidly a melt is cooled,
the more nuclei will grow, and further it must be understood that the rate of growth of each eutectic
cell increases with the amount of undercooling. 

The Growth Process

In order to picture the manner in which each eutectic cell grows, it is necessary to consider the
pattern of graphite in three dimensions. The normal appearance of graphite in a two-dimensional
micrograph suggests, as is shown in Fig. 9, that the structure is made up of a number of plates of
graphite,  each  separated  by metal  from its  neighbour,  and,  indeed,  for  many years  it  has  been
believed that this was the manner in which graphite was dispersed through the metallic matrix and
various investigators produced three-dimensional models of graphite flakes based on this theory.
More recently, however, it has been suggested that within each eutectic cell there is a continuous
skeleton of graphite which is more or less frequently branched. Bunin, Malinochka and Federova1

represented the structure of the graphite in each eutectic cell in the manner shown in Fig. 10, taken
from their  work.  On the  left  is  a  model  of  a  graphite  skeleton in  an iron  having coarse  flake
graphite, and on the right a graphite skeleton in a eutectic cell of an iron having fine graphite. At the
British Cast Iron Research Association attempts were made to check the Russian theory and the
claims  have  been  substantiated,  although  most  eutectic  cell  graphite  skeletons  examined  have
shown somewhat more complicated patterns than that illustrated in the left-hand picture of Fig. 10.
A typical illustration of a eutectic cell graphite skeleton drawn from the original is shown in Fig. 11.
This is a slight simplification, since generally these eutectic cells, as can be imagined from Fig. 7,
have interpenetrating primary austenite dendrites, as shown in Fig. 12.



On the basis of many observations and following the Russian suggestion, it seems reasonable to
suppose  that  within  each eutectic  cell  there  is  a  continuous  skeleton  of  graphite,  and that  this
graphite skeleton is more or less frequently branched, depending upon the radial rate of growth of
the eutectic cell, the more rapid the rate of growth, the more frequent the branching. Also, it follows
that when one has a frequently branched graphite skeleton,  this gives a relatively fine graphite
structure  in  the  normal  two-dimensional  micro-section.  It  also  follows  that  one  of  the  critical
features about the graphite structure which determines the mechanical properties is some function
of the diameter of each eutectic cell, since across each eutectic cell there is a complicated, more or
less continuous plane of weakness in the form of the graphite skeleton.

By increasing the rate of cooling of a sample of grey cast iron, more undercooling takes place. As
the  undercooling  increases,  the  rate  of  radial  growth  of  each  eutectic  cell  increases  and  the
frequency of branching of the graphite skeleton also increases. This is in line with the everyday
experience of foundrymen that the more rapidly a casting is cooled, the finer the graphite becomes.
There does appear to be a limit to the permissible growth rate which can be achieved in a graphite-
containing eutectic cell, since as the amount of undercooling increases, a point is reached when
solidification of the white iron eutectic can be nucleated and this process then supersedes that
of the solidification of the graphite eutectic.



For  a  melt  of  a  given  composition  the  fineness  of  the  graphite,  that  is,  the  frequency  of  the
branching of the eutectic cell graphite skeleton, depends on the amount of undercooling, and that in
turn  depends  upon  the  availability  of  nuclei  and  on  the  rate  of  cooling,  However,  when  the
composition of  the  melt  is  changed this  can also change the growth rate  at  a  given degree of
undercooling.

Factors Influencing Number of Nuclei

Effect of Cooling Rate

By the appropriate etching of grey cast iron micro-sections, the eutectic cell pattern can be revealed
and examined  at  a  low magnification,  as  shown in  Fig.  13.  It  is  possible  by  simple  counting
techniques to determine the number of eutectic cells in a given area of micro-section or on a given
volume of metal, and this gives a direct index of the number of nuclei which have grown.

As has been said previously,  the more rapidly a casting is cooled,  the greater is the amount of
undercooling and the greater the amount of undercooling, the larger is the number of nuclei which
can grow from a given melt. One simple way of varying the rate of cooling of a casting is to vary
the pouring temperature. The higher the pouring temperature, the more slowly the casting cools.
Thus, for a melt of a given composition and a given degree of nucleation, the higher the pouring
temperature, the fewer are the number of nuclei growing. This is illustrated in Fig. 14, which shows
a plot of eutectic cell number against pouring temperature7.

The cooling rate of a sample is more effectively determined by its section size. Ferry and Margerie 2

determined the effect of section size and pouring temperature simultaneously on the number of
nuclei growing as revealed by eutectic cell counts. Fig. 15 gives a summary of some of their results.
Plates 25, 15, 12-, 8-, 5- and 3-mm. thickness were cast at  temperatures of 1,500°, 1,400° and
1,300° C. 

It can be seen from Fig, 15, which gives the eutectic cell number (vertical axis) at various distances
from the edge of the sample (horizontal axis) that as the section size of the test casting diminishes,
at a given distance from the edge of the casting the eutectic cell number increases. The eutectic cell
number also diminishes from the edge to the centre of the casting due to the slower cooling rate and
reduced undercooling of the centre sections. With decreasing pouring temperatures the curves are
displaced in the direction of higher eutectic cell numbers. 



Effect of Metal Treatment

The number of nuclei available for growth at a given degree of undercooling varies according to the
treatment  of  the  melt.  Nuclei  are  not  stable  in  the  molten  material;  they  may be  destroyed or
reduced in size. The simplest  way of reducing the number of nuclei  available for growth is by
holding the molten metal for an appreciable period of time. Fig. 16 illustrates the effect of holding
time on the number of eutectic cells in specimens poured at constant temperature and all of the
same section size. The number of cells growing is seen to diminish with holding time.

     

Agitation of the molten metal also reduces the number of eutectic-cells available for growth. This
agitation can be achieved by bubbling gases through the molten metal or by green poling the metal.
Some typical results are given in Table I. 

This effect can also be obtained when inert gases such as argon are used for agitating the metal.



Another way of influencing the nucleation of the melt is by the application of what is generally
known in the foundry industry as inoculation. This usually involves treatment of the molten metal
shortly before casting with ferrosilicon, calcium silicide or graphite. This is a process whereby the
nucleation of the melt is increased. Fig. 17 illustrates the effect of increasing additions of ferro-
silicon expressed as percentage silicon increment on the eutectic cell number. As the silicon content
increases there is a nearly uniform and marked increase in eutectic cells growing.4 Late additions of
inoculants such as ferrosilicon are used for the purpose of reducing the chilling tendency of the
material and also for improving the mechanical properties. This latter effect arises directly from the
influence of the nucleation treatment on the number and hence the size of the eutectic cells. As the
eutectic  cell  is  increased the plane of weakness corresponding to the graphite skeleton in each
eutectic cell  is reduced, and the strength of the material  is increased.  For irons inoculated with
ferrosilicon and graphite of normal type there is a correlation between the number of eutectic cells
and the tensile strength, as is shown in Fig. 18. Undoubtedly the mechanical properties of grey cast
iron are determined by more complex features than simply the size of the eutectic cells, but in irons
of basically the same flake graphite structure, such as are normally produced commercially, the
effect of cell size on tensile strength is clear.



Effect of Composition 

The number of nuclei available for growth is influenced by composition. Increasing the sulphur
content markedly increases the nucleation of the melt, as is shown in Fig. 19,



and not surprisingly, since manganese tends to combine with sulphur it has the opposite effect, 4 as
shown in Fig. 20. Normal grey cast irons contain significant amounts of manganese and sulphur.
When the iron is molten, the sulphur is dissolved in the liquid iron and is not in direct combination
with manganese. Sulphur reacts with manganese as follows:

FeS+Mn=MnS+Fe

This reaction is reversible and tends to proceed to the right as the temperature falls. Thus, when a
casting is cooling manganese sulphide tends to form, and since it is insoluble in the melt it separates
from it. Clearly the reaction does not go to completion and at the temperature of solidification of the
graphite eutectic a small amount of sulphur remains in solution in the iron. The amount of this
sulphur  remaining in  solution  depends  upon the  total  sulphur  content  and the  total  manganese
content, being higher the higher the sulphur content, and lower the higher the manganese content. It
is reasonable to assume, therefore, that sulphur has a direct effect on the number of nuclei which
can grow. On the basis of nucleation theory, it is not unreasonable to expect that this is in some way
related to the effect of sulphur on the interfacial surface energy between graphite and the melt. Fig.
21, taken from the work of Grutter3 shows that increasing sulphur has marked effect in reducing the
surface tension of the melt. If the nuciei in the melt are graphitic there is some reason to believe that
a reduction in the interfacial surface energy between those graphite particles of the melt will enable
those particles to grow more easily.

The effect of composition on the number of nuclei growing, all other things being the same, has not
yet  been  fully  explored.  Sulphur  undoubtedly  has  a  profound  and  easily  observed  effect.
Phosphorus behaves in a similar manner and Table II, taken from the work of Gilbert, illustrates the
effect of phosphorus for irons of various silicon contents on the number of eutectic cells observed in
standard test pieces.



Effect of Composition on Growth Rate

The effect of composition variables on the rate of growth of each eutectic cell at a given degree of
undercooling  is  difficult  to  determine  and  no  direct  measurements  have  yet  been  made.  That
variations in composition can lead to variations in growth rate can only be deduced from cooling
curve data,

The simplest deductions can be made if a change in composition results in no alteration in the
number of eutectic cells growing. If, under identical cooling conditions, there is a change in the
under- cooling of the metal during solidification and no change in number of cells growing, then
clearly, latent heat is being liberated at a different rate. In these circumstances this means that the
rate of growth of the cells must have been altered,

When hydrogen is dissolved in iron it has an effect of this simple type. Itis found that there is a
marked increase in undercooling when hydrogen is present, even though the number of growing
cells is unchanged. This is Illustrated by Fig. 22.

This argument can be extended. If there is an increase in the number of cells growing, together with
an increase in undercooling, it can again be argued that cell growth has been slowed. Sulphur has an
effect of this nature. The cooling curves for four different sized bars, cast with a very low sulphur
content (0-002 % sulphur) shown by full lines, and for further bars after the addition of sulphur
(0.072% sulphur), shown by dotted lines, illustrate this effect (Fig. 23). The cell counts (cells/in)
which were observed in these bars are detailed below:



Despite the marked increases in cell number, there were clearly defined increases in undercooling.
It follows that. sulphur had a definite effect in slowing the growth of the cells.

These observations clearly indicate how a composition variable can influence the rate of growth of
a  eutectic  cell  and  they  are  in  line  with  the  common.  experience  that  sulphur  increases  the
coarseness of the graphite in grey cast irons. It would be expected that as the growth rate is reduced,
the frequency of branching of the graphite skeleton is reduced and thus the graphite appears coarser
on the two-dimensional micro-section. This is a generally observed effect of sulphur and hydrogen
in cast iron.



General Effects of Variations in Nucleation

As has been shown earlier,  there is  a correlation between the size of the eutectic cells  and the
mechanical properties of the material which is easy to understand. The nucleation of the melt also
influences other properties, particularly those of special concern to the iron founder. For instance, it
has  been  shown1,5,6 that  as  the  nucleation  of  the  melt  increases,  the  proneness  of  castings  to
unsoundness also increases.

As the nucleation of a melt increases, its chilling tendency is reduced and the mottled structure
immediately behind the chill progressively becomes finer. It has been shown7 that when a test piece
is cast against a chill in a sand mould, part of the casting cools slowly under the influence of the
cooling effect of the sand mould, and part of the casting cools rapidly under the influence of the
chiller. As the pouring temperature of such castings is increased, the rate of cooling achieved by that
portion of the test casting cooling under the influence of the sand mould is reduced and the number
of  nuclei  growing is  also  reduced,  and as  a  result  the  mottle  pattern  becomes  coarser.  This  is
illustrated  in  Fig.  24,  which  shows  a  number  of  chill  test  castings  poured  at  various  pouring
temperatures.  The  mottle  becomes  progressively  coarser  and  the  chill  deeper  with  increasing
pouring temperature.

Summary



This Paper has-necessarily dealt in a brief manner with some of the factors which influence the
solidification process and hence the structure and properties of grey cast irons. It has been shown
that it is possible to describe the solidification of these materials at first in relatively simple terms,
and then to interpret the variations in solidification process in terms of nucleation and growth. The
graphite of hypo-eutectic grey cast irons forms during solidification of the eutectic in a cell pattern,
each eutectic cell growing from one nucleus. By counting the number of eutectic cells, the number
of nuclei growing can be estimated.

Within each eutectic  cell  there is  a continuous branched skeleton of graphite,  the frequency of
branching being determined by the radial rate of growth of each eutectic cell.

The number of nuclei growing depends upon the rate of cooling, which, in turn, can be varied by
variations in pouring temperature or variations in casting thickness. For castings of a given section
size poured at a constant temperature, the number of nuclei growing can be determined by agitation
of the melt and by holding the melt; it can be increased by treatment of the melt with inoculants.
There is some correlation between the number of eutectic cells and the mechanical properties of the
material.

The number of nuclei able to grow is also influenced by the composition of the metal and sulphur
and phosphorus have been shown as typical examples to illustrate how composition variables can
increase the number of nuclei able to grow.

The rate of growth of each eutectic cell,  and hence the frequency of branching of the graphite
skeleton and the fineness of the graphite flakes, is determined by the amount of undercooling and at
a given degree of undercooling by the composition of the melt. Sulphur has been shown to reduce
the rate of growth of each eutectic cell.

Consideration of nucleation are important both in respect of the properties of iron castings, and also
in  connection  with  the  founding  properties  of  the  material.  The  chilling  characteristics  are
determined by nucleation and the soundness of iron castings is adversely affected by increases in
nucleation.
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BRUMMAGEM BRASS

L. G. Beresford, B.Sc., FIM.

Presidential Address delivered to the Birmingham Metallurgical Society, October
27th, 1960.

To misquote Macaulay, Brummagem is, as every schoolboy knows, a corruption of Bermingham, a
word of Saxon origin, whose literal meaning is “the homestead of the sons of Berm”. Spelt in the
Domesday Book as BERMINGEHAM, the ‘e’ following the ‘g' signifies the latter as soft, so that
the  pronunciation  becomes  Berminjam  which,  spoken  quickly,  easily  becomes  Bremijam  or
Brummagem.

But,  whatever  its  derivation,  and  that  given  above  seems  the  most  plausible,  the  word  itself,
associated as it was with poor, worthless imitations of good quality goods, became one of reproach.
Yet, in a way, it was a tribute to the ingenuity of the Birmingham workmen whose skill in producing
dies for medals was equally capable of producing the dies for base coins. So much so, that in the
17th and 18th centuries, Birmingham became specially noted for this  kind of manufacture,  well
expressed in a contemporary poem:

“The wretch that stamped it got immortal fame.
Twas coined by stealth, like groats at Birmingham.”

This reputation for counterfeiting was not confined to coining it was also common in the buckle
trade in which large quantities were made of a white alloy, bearing some slight resemblance to
silver, popularly called “soft tommy", the workmanship being on a par with the material

“Brass itself can be defined in three ways. Universal as applied to the alloys of copper and zinc,
parochial  in  the North country sense of “where there's  muck,  there's  brass" and national  in  its
meaning of impudence. In case it might be thought that only the first two meanings could apply in
Birmingham, it would be as well to quote from a matrimonial advertisement which appeared in a
Birmingham newspaper of 1825.

“A respectable tradesman, 30 years of age, with a good income is in want of a wife. His object
being to marry one of pure heart and unaffected manners, the less intercourse she has had with the
seniors of her own sex, the better. No lady residing in Birmingham or its environs need apply, the
Advertiser having seen them all!” 

And this even before the days of the penny-farthing!

But, for the purposes of this Presidential Address, | propose to deal mainly with the first definition
of brass, maybe touching lightly on the second in passing and completely ignoring the third.

The manufacture of  brass  was first  introduced into England,  all  previous  supplies  having been
imported  chiefly  from Germany,  by  Queen Elizabeth  I  in  1565,  when  she  granted  a  patent  to
Christopher Shutz, a native of Saxony, in partnership with William Humfrey, her "Say" Master of
the Mint, to have exclusive right of getting “calamine’ stone and working brass.

Shutz is described as “a man of great cunnynge in ye mixed metalle called latten or brasse, alsoe in
apting, manuring and working ye same into alle sortes of battereye wares, caste worke, and wyres”.



The value of this monopoly may be gauged from the fact that from 1529 onwards a series of statutes
had been passed prohibiting the export of brass, copper, bell-metal and latten (a term for a particular
type of brass), these metals being urgently needed for national defence.

This method of making brass by the cementation of copper with calamine (zinc carbonate) persisted
till 1738. The “battereye” is, of course, the process of flattening ingots of metals into plates by
means of hammers moved by water power. The name is still preserved in the Birmingham Battery
and Metal Company.

In 1565,  German prospectors discovered copper  ore in  Cumberland and German workers  were
imported to exploit it. The company was formally incorporated in 1568 and was known as Mines
Royal, calamine having been found in Somerset in the Mendips in the meantime. A works was set
up in Bristol to manufacture brass, known as the Bristol Brass Company, and that city remained the
home of the brass trade for nearly a century.

Since Birmingham had no natural facilities, other than fuel and casting sand, calculated to make it
the headquarters of the brass trade, and both copper and zinc came from a distance, the reasons for
its present pre-eminence must be sought elsewhere. Undoubtedy, the most potent factor has been,
throughout the ages, the availability of skilled labour.

Known as a metal-working locality since the days of Henry VIII, Birmingham was also the home of
many lorimers and there seems little doubt that one of the first uses to which brass was put in this
town was as decorative enrichment to saddlery. The early styles of finish in both brass and iron
were  identical  so  that  the  introduction  of  brass  needed  no  radical  change  in  the  methods  of
Birmingham metal workers.

Even before canals and railways, Birmingham had attained a place of eminence in the industrial
world despite the fact that Wolverhampton, Walsall and Wednesbury were nearer to the sources of
coal and iron, and transport (even in those days) was a problem. One important reason for this is
that Birmingham was free from the restrictions of incorporation and possessed neither charter nor
craft  guilds  so  that  numbers  of  Dissenters,  men  of  strong  character,  forbidden  by the  Acts  of
Uniformity of 1662 and 1665 from “inhabiting in corporation’, settled in the town, bringing with
them their several skills.

The historian Hutton records that “the people were a species I had never seen; they possessed a
vivacity I had never beheld; I had been among dreamers, but now I saw men awake". The vivacity
might, of course, have been due to the fact, also recorded by Hutton, that "workmen used to boast of
their guinea a day and I have known an apprentice earn for his master 15/- in one day”.

Two forces drove the people of Birmingham towards the manufacture of small and varied articles in
the making of which brass and copper were eminently satisfactory. First, after the Restoration of
Charles II,  the reaction against Puritanism created a demand for new fashions in which artistic
goods  were  largely  used.  This  demand  was  protected  by  legislation,  in  that  an  Act  of  1662
prohibited the importation of foreign buttons, so encouraging the makers of metal buttons that by
1685 Birmingham buttons were becoming well known and by the beginning of the 18th century
were being exported to France. Transport problems also tended to make the people of Birmingham
produce articles in which skilled labour was a very important element.

The manufacture of buckles (introduced into Birmingham from Walsall), buttons, locks, guns and
various small articles of steel, brass or copper was thus well established before 1686, there being
evidence that brass locks were manufactured in Birmingham as early as 1647.



The first brass house was opened in 1740 by Turner in Coleshill Street The older companies were
unsuccessful in their attempts to ruin the new undertaking, which nevertheless was forced to enter
the combination a few years later. Supplies were obtained from the Bristol Brass Battery Company
in the form of  ingots,  battery work and rolled brass,  and from the Cheadle  Copper  and Brass
Company, who established a copper smelting works near Warrington in 1717, followed by a works
near Cheadle in Staffordshire (the forerunner of Thos. Bolton & Sons Ltd.). Up to 1830 all brass in
these works was made by the old process of cementation.

Two disadvantages which prevented the growth of the industry for some years were the lack of
waterpower to drive battery and rolling mills and the appalling state of communications. ‘With the
opening of canals, these latter were greatly improved, and the invention of the steam engine solved
the problem of power. The “fire engines" were soon installed in Birmingham, the first in 1760 by
Tingey in Water Street (afterwards acquired by G. F. and P. H. Muntz), then by Phipson’s Mill in
Fazeley Street (later Clifords) and, of course, at Soho, by Boulton.

Some idea of the growth of the trade can be gathered from the fact that in 1780 there were 104
button makers, 23 brassfounders, 26 bucklemakers, 29 die sinkers, 26 jewellers and 46 platers listed
in a local trade’s directory.

That Birmingham was originally a user of brass rather than a producer is evident by the fact that in
1780 a long letter from a correspondent signing himself “Bristot", whom, it later transpired, was
Peter  Capper  (no  doubt  one  of  the  founders  of  Capper  Pass  and  Co.)  appeared  in  the  local
newspaper  urging  Birmingham  men  to  make  their  own  brass.  Action  soon  followed,  public
meetings  were  held,  a  committee  appointed,  and  subscriptions  opened  to  fill  200  shares  of
£100each, which was deemed a sufficient capital to establish a new brass works. Each proprietor of
a share was pledged to purchase one ton of brass annually. Works were immediately erected on the
banks of the canal, a new manager was appointed at an annual salary of £150 and, according to
Hutton, “the whole was conducted with the true spirit of Birmingham freedom”. Incidentally, these
works, the Birmingham Metal Company, gave the name to Brasshouse Passage.

The new venture found it difficult to obtain supplies of copper from the primary producers and also
faced the opposition of long-established brass merchants who, as  soon as  the new works were
completed, reduced their price from £89 to £56 per ton. In spite of this, the new firm flourished and
declared a profit of 23% on the total capital in 1789.

In 1783 the merchants and manufacturers organized opposition to a petition by the brass makers
that  the Acts prohibiting the export  of  brass  should be repealed.  They were successful,  in  that
though the Bill was passed by the House of Commons, it was thrown out by the Lords.

In the same year manufacturers were still experiencing difficulties in obtaining supplies of copper
and brass at the right price—a situation still not unknown to-day. So much so that a Committee of
consumers  examined  a  plan  drawn  up  by  the  great  Matthew  Boulton  himself  for  “securing  a
constant supply of copper and brass, upon as good terms as the nature of the trade will permit”.

That the Matthew Boulton plan was not a complete success can be gauged from the fact that in1790
it was proposed to establish a company for the purpose of raising copper ore, an unlimited sum to
be subscribed by manufacturers and ‘consumers of copper and brass, in shares of £100 each. The
title of the new company was Birmingham Mining and Copper Company and it was hoped that the
plan  would  prove  very beneficial  to  the  Birmingham manufacturers  by preventing  as  much as
possible the monopoly and arbitrary price of such essential articles as copper and brass. Support for
this scheme was forthcoming from “a friend to the manufacturers of Birmingham” writing in the
local journal in that it ‘would confer that independence in respect to so essential an article as copper



is  to  your  manufacturers,  that  you all  ardently  wish  for  -  it  would  act  as  a  new invention  in
mechanics, which by facilitating your different operations, enables you to sell your articles upon
such terms in foreign markets as to astonish your competitors’. So successful did this venture prove
that it was shortly followed by the foundation of the Rose Copper Company, the predecessor of the
Birmingham Battery and Metal Company Ltd.  with smelting works at  Swansea and the Crown
Copper Company who smelted at Neath. 

It is of interest to note that in those days trade had its peculiar method of gaining publicity. Thus a
Mr. Durnell advertised himself as “the real manufacturer of Dutch Tea Urns and Block Tin Plate
Kitchen  Fumiture”.  Unfortunately,  this  claim  was  rather  questioned  by  a  rival  concern  whose
advertisement appeared underneath and who “as lovers of truth and enemies of puffing would be
extremely glad to know where his real manufacturing is carried on, having never had the pleasure of
seeing it”.

This,  of  course,  implied  that  the  works  did  not  exist  and  was  in  no  way  connected  with  the
resolution of Birmingham manufacturers in 1786 not to admit any strangers Whatever into their
workshops in future, a custom which many of us will remember lasted until comparatively recent
times.

Correspondence in Aris's Birmingham Gazette was then, as now, a much-favoured method of airing
grievances. Thus, in 1791 we find a certain J.H. enquiring whether “in consequence of a recent
advance of £5 per bar on brass, as well as the rise of tin, spelter, brass wire, etc. it is not absolutely
necessary that some steps should be taken to relieve the manufacturers of white metal buttons, who
are thereby very ‘much injured?" Next week another correspondent, signing himself a manufacturer,
asked "some person, conversant in the copper trade to favour them with the reason for the late
advance in the price of copper.” A more thoughtful letter on the same subject, addressed to the
manufacturers of Birmingham who are consumers of brass is worth quoting in full.

“The price of brass has risen within the last 8 months £10 per ton and a very respectable proprietor
of copper works has hinted that there is every probability of a still further advance. In this case the
manufacturer  has  no  possible  redress  without  materially  deranging  his  business  by  making  an
alteration in his discount, this at all times proves vexatious to the merchants and injurious to the
manufacturers. If however, by a union of sentiment and interest among the principal consumers a
plan could be devised to keep the market of this necessary article permanent, it must be allowed on
all hands to be a most desirable circumstance. The writer hereof, therefore, earnestly suggests it to
the consideration of those interested how far an extension of the brass works already established in
this town may be eligible, or publicly beneficial, or whether the establishment of a new works, on a
more extensive scale than either of the present, so as to have for its object the making of a quantity
of brass (including the produce of the works now in use) equal to the consumption of the whole
town, be not a desirable plan to adopt in the present instance.” 

The letter ends
“As the process of making brass has long ceased to be a mystery, all objections on that head are
A later letter from “A consumer of brass” claims that the grievance would be found not to

originate with the makers of brass but with the makers of copper, whose prices had risen in the same
proportion.

About this time great consternation was caused in one of the important trades using brass; a change
of fashion threatening to banish the far-famed buckle. The practice of tying shoes was declared to
be “unmanly,  absurd and ridiculous” and a deputation waited upon the Prince of Wales with a
petition in which it stated: 



“The  buckles  trade  gives  employment  to  more  than  20,000  persons,  numbers  of  whom,  in
consequence of the prevalency of shoe strings and slippers are at present without employ, almost
destitute of bread and exposed to the horrors of want.  It  is  in great measure owing to the two
valuable  manufactures  of  buckles  and  buttons  that  Birmingham  has  attained  her  present
importance.”

The Prince promised utmost assistance by his example and influence and assured them that the
mode of tying the shoes should not be adopted by any person in his household. But even though the
Court News in 1794 conveyed the fact that H.R.H. the Prince of Wales “now always wears both in
his morning and evening dress, engraved fancy white and yellow metal buttons; the unmanly shoe
string will henceforth be thrown aside for the buckle”, the buckle was doomed. Not even the favour
of the “first gentleman in Europe” could prevail against the dictates of fashion

Forty years later, the button makers themselves laboured under the delusion that Royal patronage
could change the decrees of fashion and appealed to the King and nobility to wear plain metal
buttons in place of covered ones.

The high price of copper still continues to engage the attention of manufacturers so much that in
March 1792 a deputation waited on the Prime Minister who “paid every attention to  the plans
submitted to him by the deputation and promised that  the subject  should have his  serious and
immediate consideration.”, a formula that does not seem to have changed much with the passing of
the years.

Button manufacture, too, seems not to have been without its trials and tribulations, manufacturers
binding themselves in 1792 to discountenance such iniquitous practices as making ungilt buttons as
gilt,  and  silvered  or  other  white  buttons  as  plated,  when in  fact  not  so.  Such was the  skill  of
Birmingham mechanics in counterfeits that many instances are recorded of prosecution for making
and selling gilt  buttons not  up to standard.  The Button Association even found it  necessary to
recommend an easy means of trying the quality of gilt buttons.

“Dissolve two tea spoonsful of common salt in about a tea cupful of the blackboil for cleaning
buttons ; this liquid will not immediately discolour buttons, if gilt is up to standard, but every bare
part will become black as soon as wet; if slightly gilt, will be speckled”.  

That this must have been a widespread practice is evidenced by the fact that Matthew Boulton
himself took the chair at the meeting on the matter and delivered the following words:

“As an old button maker, allow me to advise my brethren to make excellence rather than cheapness
their principle of rivalry. It perhaps may be difficult to distinguish the difference of shade in gilt
buttons between one penny per gross higher or one penny per gross lower, and yet a repetition of
such small abatements will soon bring back the ruinous trade of gilding without gold. Let the maker
say what he will, the buyer may be assured that the reduction of quality will always keep pace with
the reduction of price.”

The  reports  of  these  and  similar  meetings  show how careful  the  chief  manufacturers  were  to
preserve the integrity of their trades.

Even in 1799, the high price of copper continued to exercise the minds of manufacturers. Thus, a
general  meeting  of  merchants  and  manufacturers  “learned  with  pleasure  that  His  Majesty's
Ministers  are  determined  to  bring  forward  some  effectual  measure  for  reducing  the  present
exorbitant and high price of copper, for preventing excessive fluctuation therein, so detrimental and
distressing to the trade of the Kingdom in general.” The same meeting recorded its appreciation of



the patriotic and generous conduct of the Birmingham Metal Company, the Birmingham Mining
and Copper Company and the Rose Copper Company in having agreed to continue the prices of
copper  and  brass  to  the  manufacturers  for  three  months  and  hoped  others  would  follow their
example.

In June 1802 a bill was brought forward in the House of Commons to permit the importation of
copper after a time to be limited, to prohibit the exportation of copper to any place within the limits
of  Europe  and  to  alter  the  duties  now  payable  to  5s.  3d.  on  every  hundredweight  of  copper
imported. Commenting on this, Aris’s Birmingham Gazette had this to say:

“The attention of the legislature to the interests of general industry can in no case be more necessary
and useful than the copper trade, where the operation of large capitals, and the long practice of
avaricious finesse and cunning is bloating a few persons with riches, while the useful and laborious
manufacturer is starving, or ‘committing his family to the care of an already over-burthened parish.
The population of Warwickshire is as useful as the population of Kent and the monopoliser of hops
is not the only enormous capitalist whose steps should be watched by the Government"

Labour Relations

The relationship between management and men in those far off days was, to say the least of it,
somewhat curious. Contrast, for instance, the humble appeal for more wages by workmen in the
white metal button trade in 1807 which ends “whatever advances you may think proper to favour us
with will be most thankfully received and gratefully acknowledged by your humble servants" with
the present- day attitude of workers, say, in the motor trade. Consider, too, the announcement in
1829 that “the voluntary abandonment by the Master Cockfounders of this town and neighbourhood
of the practice of deducting a percentage in settling with their journeymen at the close of each week,
is an example which deserves the imitation of other manufacturers.”

Welfare, too, was on a slightly different plane. Thus, the Gazette for August 15th 1791 reports the
rejoicings at Soho Manufactory on the coming of age of Mr. Boulton's son.

“At one o'clock all the persons employed in the manufactory assembled within its walls, and were
marshalled into regular corps, according to their respective trades, from whence they marched, two
by two, preceded by an excellent band of civil and military music. First corps - one hundred young
women mostly dressed in white, with blue ribbons. A corps of fifty engineers headed by Perrins in
the character of Vulcan, bearing a working fire-engine on his head. Third-six corps of Buttoneers,
50 in each with the ensigns of their respective trades. Fourth – Two comps of Artists employed in
the silver-plated and ormolu manufacture. Fifth (and this appeals to me most since I can visualise it
happening with some of our distinguished Past Presidents) the workmen employed in the rolling
mills, carrying an ensign composed of fillets of rolled metal of various colours, forming festoons,
loosely playing, and which had a pretty effect. Sixth— a corps of Moneyers carrying a glass vase,
filled with coin.”

This latter reference to Moneyers is interesting as it does not seem generally known that in 1797
Boulton was empowered to execute a considerable copper coinage of penny and twopenny pieces.
These were “struck” in steel collars not only giving a smoother edge but allowing the application of
a gauge to detect counterfeits. It is also of interest that for the first time a relationship was possible
between our measures, weights and copper money. Thus, the twopenny pieces weighed 2oz. each
and  eight  of  them measured  1  foot.  The  penny  pieces  weighed  1  oz.  And seventeen  of  them
measured 2 feet, and the halfpenny pieces weighed 1 oz. And twelve measured 1 foot.

In Boulton’s own words,



“Hence every individual will have a set of weights and the means of detecting false ones and there
is no doubt that the poor will be able to obtain a penny-worth for a penny, as sixteen of them weigh
one pound, whereas most of the counterfeit halfpence are 84 to a pound.”

Twenty  tons  of  copper  were  used  weekly  at  Mr.  Boulton’s  Mint  in  making  this  coinage  and
from1797 to 1805 Boulton coined under contract for the British Government, upwards of 4,000 tons
weight of copper coin, amounting, at its nominal value, to nearly £800,000.

Copper Trade

Copper was still in the news at the beginning of the 19th Century, thus it was reported on October
31st,  1803 that  “some persons of  respectability  are  coming forward  to  establish  a  new copper
company here, owing to the very scanty supply the trade of this town has lately had of copper”. A
week later the following statement “confirmed by several very respectable manufacturers who are
themselves large consumers of that article” was published

“The two copper companies already established in this town are capable of smelting far more than
sufficient to supply the manufacturers. The principal reason why copper has lately been scarce in
Birmingham has been the very unusual scarcity of water in the Severn, which has almost put a stop
to the navigation of that river for many months past. If other new companies were to be established
for the purpose of opening new copper mines, the quantity of that article might be augmented, but
the instituting of new smelting companies would not increase the quantity of copper one ounce; by
increasing the number of bidders for copper ores it would, in all probability, increase the price, and
certainly be productive of other serious evils, which persons unacquainted with that trade are not
aware of.”

Enough has been said to show that by the end of the 18th Century the brass and copper industries in
all their branches, with the exception of copper smelting, were firmly established in Birmingham.
The larger companies then turned their attention to producing standardized products such as copper
and brass ingots, sheet and rods. These semi-manufactures were used by those brass and copper
trades in which the product required a good deal of skill and individuality.

As Sir William Ashley wrote, “Birmingham men can justifiably take pride in the enterprise and
independent spirit of their predecessors in the later decades of the ‘18th Century, who broke down
the monopoly, first of the brass producers outside, ‘and then of the copper producers, and effected
this by means of combination ‘among the manufacturers who needed their metals as materials.”
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Some Aspects of the Mechanical testing of Materials. R.T. Rolfe
Elastic and Fatigue Limits in Metals. B.P. Haigh
The Properties of Metallic Surfaces. J.B. Nevitt



High Speed Steel. A.R. Page
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Duralumin. L. Aitchison
Corrosion. G. D. Bengough
Presidential Address Tool Steels A.R. Page
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Presidential Address. The Distant Past and Possible Future of Metallurgy W.A. Benton
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Moulding Materials and Practice in Non-ferrous Foundaries. F.W. Rowe
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Lattice Structure and the Physical Properties of Metals. W.H. Taylor
The Drawing of Steel Wire. J.F. Luckman
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XXXI Presidential Address C.H.M. Holden
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XXXIII A Review of Temper Brittleness Problem. K.T. Goodchild
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XXXIV Recent Developments in Electrodeposition. J.W. Cuthbertson
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Modern Case-Hardening Process. P.F. Hancock
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Theories of Metallic Creep. J.M. Summerton
Nickel Alloys with Special Properties. C.G. Smith
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XXXVIII Tool Steel Development. A.P.T. Taylor-Gill
Wrought Titanium. J.R. Crane
An Introduction to Metallurgical Thermodynamics. J.N. Pratt
Modern Developments in Steelworks Gas Producer Practice. J.C. Martin
Electric Furnace Developments. P.F. Hancock
Porous and Infiltrated Metal. J.E. Elliott
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XXXIX New Metals. M.K. McQuillan
Some Trends in American Metallurgy. W.O Alexander
Meteorites in the Light of Modern Metallurgy. K.S.B. Rose
Solidification of Grey Cast Iron. H. Morrogh &
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XXXX Metallurgy of Metal Cutting. E.M. Trent
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XLI Vacuum Technology. T. Thorley
Heat Treatment of Engineering Components. E. Mitchell
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XLIIStrength in Alloys. R.W.K.Honeycombe



Presidential Address. Metals and Marriage. E.J. Bradbury
Developments in Bearing Metals. P.G. Forrester
New Type Specimen Adapter for Stress Rupture Testing. C. Wheatley

XLIII Trace Determination by Physical Methods. J.A.F. Gidley
Metals in Power Generation. M.G. Gemmill
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XLVI Presidential Address . G.V. Raynor

The Society 1904 – 1966. C.H.H. Franklin
My Formative Years. L. Aitchison
The Birmingham Metallurgical Society. N.P. Allen
Valete. J.W. Jenkins
All Good Things. G. Parkin

Volume 6 is missing from the record. A handwritten note, signed by F. Johnson, in the copy of the set in Birmingham
Library, declares an intention to put the wartime proceedings on record, but it never happened.


