Introduction
In this volume lectures that relate to treatments, equipment and secondary manufacturing processes
are reproduced; each section is in chronological order. It is evident from the full list of lectures
reproduced in Volume 1, that the early concerns were practical in nature. How to carry out
particular treatments, what equipment to install and how to avoid the pitfalls.
The first group of papers in this volume is mainly about the equipment used in metal processing.
There are four here concerned with furnaces. The first by Arthur Smoat is a very thorough survey of
what was available at the time of his talk, which was on May 20 th, 1920. Much of the talk was
concerned with melting in crucibles and this was still a method that was used until the end of World
War II when this, now obsolete, capacity was no longer needed. Special steels were still being made
in crucibles in Sheffield throughout the1939 - 45 war. During, which Arthur Smoat rose to become
Director-General of Ammunition Production, having risen before the war to be Managing Director
of ICI Metals Division, a company that he joined via a series of amalgamations in the industry.
After the war he was Chairman of Murex, the welding services company.
The following paper is little more than a note about a crucible furnace design promoted by Th.
Teisen. Furnace companies such as Birlec and the Electric Furnace Company were consistent
supporters of the Society for the obvious reason that it brought them into contact with their
customers and Teisen, who had experience in the German industry had set up a company in
Birmingham, regularly attended the Society’s meetings and frequently advertised in the Journal,
continuing to do so well after the war. His paper is quite brief and is augmented here with a note he
presented at and Institute of Metals symposium on furnacing in 1917.
There are two papers entitled “Developments in Electric Furnaces, presented thirty years apart. The
first by D.F. Campbell on November 27 th, 1928 is another example of a useful review of the history
of development to that time. Campbell worked for the Electric Furnace Company, based at
Weybridge in Surrey. He was regarded at the time as the leading expert in the subject.
The second of these lectures was by P.F. Hancock, Chief Engineer for Birlec, based at that time in
Aldridge, but originally established in 1927 on the Tyburn Road in Birmingham as a subsidiary of
Mond Nickel. When Hancock gave his lecture on January 23rd, 1958 the company was owned by
AEI, who had acquired it in 1954, but just a few months after Hancock’s lecture it was placed in a
joint venture with EFCO – the abbreviated name of the Electric Furnace Company.
There were several lectures on refractories, the significant consumable in the furnaces, two of them
by Christopher Moore. The one reproduced here is the most comprehensive. Most of the paper
relates to fireclay and the products made from it, but it does mention more exotic materials such as
zirconia, beryllia and thoria, generally explaining the low level of use by their cost. He does not
mention that thoria is radio-active and beryllia is a particularly nasty substance. The lecture is one
of the earliest in which the information gathered by X-ray diffraction is mentioned.
The next paper is the second one included by W.R. Barclay. It could have been included in any of
the categories, being a wide ranging and wise review of his experiences. It is included here because
he was one of the first to introduce the use of electric furnaces into the non-ferrous industry, which
he did during the 1914 -18 was when he was concerned with the production of munitions. It is also
included because Barclay (as noted by Dorothy Pile in her talk reproduced in volume III) was
obviously one of the best of the men who are part of the Society's history. It is interesting that
Barclay in the 1914 - 18 war and Smout in 1939 - 45 were significantly responsible for providing
the British armies with the means to do battle. They also shared the distinction of having served as
presidents of both the Society and the Institute of Metals.

The output from the furnaces was ingots. The final product of those ingots in the Birmingham
industries was commonly either sheet or wire. There were several lectures on both sheet and wire
production.
By 1938 rolling of sheet had advanced significantly beyond the hand mills that had been usual for
two or three hundred years. The lecture that year by C.E. Davies was essentially answering the
question, how fast can rolling speeds be. Davies was employed by W.H.A. Robertson, a company
that provided much of the mechanical working equipment for metal forming for British Industry in
the first half of the twentieth century. W.H.A. Robertson himself had lectured to the Society on
October 17th, 1918, but his lecture needed many illustrations to be intelligible and from other
examples of his lectures it is apparent that he might have shown but was not prepared to publish his
designs. The lecture is, therefore, not included here. Davies lecture also contains no figures. Some
would have helped but his main theme was on the effect of the rolling speed, which needed no
illustration.
Wire drawing is represented here by an academic article on the mechanics of the process. F.C.
Thompson was Professor of Metallurgy at Manchester. This lecture in 1931 was his second
appearance before the Society; the first was about 12 years previously.
Other routes to final product use powder metallurgy and casting, which was already met with in
Volume I for the cast irons. The paper in 1937 by J.C. Chaston is of particular interest because it
surveys the history of powder making and covers most of the possible routes at the time of
consolidating, or otherwise using the materials. The enthusiasm in the 21st century for using lasers
and electron beams in conjunction with powder has now advanced the range of possibilities to
directly compete with the next method, die-casting, to manufacture complex shapes, but now,
potentially in a much wider range of materials.
Unfortunately, the Journal does not always tell the reader much about the lecturer, but in the case of
the speaker about die casting much is known. Arthur Street was Managing Director of Fry's
Diecasting, the leading British die caster. He was also co-author of the Pelican book 'Metals in the
Service of Man', which holds the record for the highest level of sales for a metals related book. His
co-author Bill Alexander was a Birmingham Metallurgical Society stalwart, but Arthur Street was
only listed as the second author alphabetically. He was the senior author in fact.
The next group of papers is concerned with surface treatments, starting with surface hardening of
steels. It was a matter frequently dealt with in the programme and is represented here by the two
great names of Sheffield Metallurgy: Harry Brearley and Billy Hatfield.
Brearley’s lecture on casehardening was delivered on the 11th of February 1913. He had set up the
Brown-Firth Research Laboratory in 1908 and was already a man to be reckoned with in the
industry, but he had not, at the time of his lecture made Cast No. 1008, containing 12.86%
chromium and 0.25% carbon that ushered in the stainless-steel business in the UK. The paper is a
good representation of the knowledge of the time, good metallography, the use of the phase diagram
and excellent experimental technique. It also introduces his topic with an interesting and accurate
historical review. it is interesting to note that as in Rosenhain's paper in volume I, from 1910,
Brearley's phase diagram still does not recognise δ-ferrite.
Billy Hatfield’s lecture, this one also on casehardening was a sales pitch. At the time of the lecture
(January 15th, 1931) he had been in post as the successor to Harry Brearley at the Brown-Firth
laboratory for 15 years. Firth-Brown, among other Sheffield steelmakers had acquired a licence for
Nitralloy and Hatfield was promoting its use. The talk promoted a great deal of interest; it would
have seemed like magic to have a gaseous method of surface hardening at a temperature of only

500oC and it was given in the time of the best of the Journal’s editors, N.P. Allen, so that there is
evidence of Hatfield’s personality and approach to his business. He was clearly a popular as well as
combative figure. It is evident from his answer to a question from Dr. Brownsden, then the Head of
Research at ICI Metals, about the mechanism of hardening that Hatfield was more interested in
effects than causes. Fry, the developer of the alloy, which contains the nitride forming elements,
chromium and aluminium believed that the hardening was due to solution of nitrogen in the iron
lattice, since he could detect no precipitates by optical microscopy. Hatfield’s lack of understanding
was 12 years after Paul D. Merica had explained Wilms' discovery of age-hardening in aluminium
alloys. Not only Hatfield, but the whole of Sheffield thought steel was unique.
As has been told, the Birmingham Metallurgical Society was the first metallurgical society that was
not dedicated to steel, but its members could not ignore ferrous materials, which were used in the
City as much as all other metals. One of its most interesting Presidents, George Parkin, came to the
City as the representative of a Sheffield steelmaker, so it is not surprising that his presidential
address, although not specifically about steel, was derived from his experience in that industry. His
title was ‘Quenching’. George knew that a consistent and reliable quenching technique did not
simply consist of dropping the part for hardening into a bucket of water, as he clearly explained. He
acted as metallurgical consultant to John Charnley, the hip replacement pioneer and had a fund of
stories relating to the early years of the application of the Charnley prosthesis.
Considering how closely associated it is with Birmingham the coverage given to electroplating in
the programme is rather slight. However, what is lacking in quantity is made up for in quality. The
two papers here are both excellent.
Electro-plating was perhaps the most significant surface treatment for many of the members of the
Society. Following the initial developments adopted by Elkington (made by a John Wright and the
inevitable Alex Parkes) many companies took up the trade in Birmingham and Sheffield, creating a
demand for the chemicals and equipment used in the business. This was met by Cannings, whose
Chief Chemist, Mr E.J. Dobbs was slated to deliver a lecture on December 11 th, 1930. He sent his
assistant, Mr. W.E. Merry to give the lecture. From the lecture and subsequent discussion, it is
possible that Mr Merry was the more competent of the two. He also carried an important
Birmingham name. The Merry brothers had been the first to make nickel silver in Birmingham,
having been introduced to it by Charles Askin. He was founder of the company that became Henry
Wiggin, which would subsequently have been the source of the chemicals traded by Cannings.
Members of the Merry family were much involved in the early history of the nickel trade, and as Mr
Merry’s lecture made clear, nickel was, and continues to be, a most significant ingredient of the
plating industry.
Merry’s lecture was mainly about nickel and chromium plating. By the time of the second lecture to
the Society on the subject, the variety possible had expanded greatly and Professor Cuthbertson not
only explained alloy plating in some detail but dealt with the reverse process of removing metal
electrolytically. Professor Cuthbertson was the first Professor of Metallurgy at Nottingham
University, which took in its first students in 1955.
Nickel and chrome plating formed a major part of the business with which the next lecturer was
concerned. The lecture on deep drawing and pressing was given by the author of the standard work
on the subject at a time, March 31st, 1938, when it was about to become one of the most important
of manufacturing topics to some of the members. Jevons was employed by Joseph Lucas, a
company founded on making items like car headlamps out of sheet metal. Across the City, at the
Kynoch works in Witton, with rearmament ramping up, deep drawing, followed by ironing, was the
basis for the manufacture of cartridge cases in copper and brass.

For most metal manufacturing final machining is an essential part of the process but it remained an
activity based on experience rather than comprehension for many years. Ted Trent worked in
Coventry for Wickman Wimet, a manufacturer of cemented carbide tools. His interest in the
mechanics of the interaction between tool and workpiece led him subsequently to join the
Metallurgy Department at Birmingham University.
Welding did not often appear as a topic in the meetings of the Society. This is not too surprising
since most of the Midland’s industry was concerned with the production of semi-finished products
and components, fabricators were not common in the region. The talk in 1932 by Martin has some
interest in being mainly about the welding of copper. The technique on which Martin concentrated
was not a new one reflecting that, for good reasons, the methods applied to copper had not much
developed by the 1930s. A later talk on the subject by Harold Hignett, then of the BNFMRA,covers
the welding of non-ferrous metals more widely. Hignett, was not the only one of the leading lights
in the Society to follow a course from the BNFMRA to a senior role with International Nickel.
Hignett became the Managing Director of Henry Wiggin.
The final lecture in this volume is by Ted West. He was an ever-present face at any meeting of the
Institute of Metals, the Welding Institute and was frequently seen at the Societies meetings. By the
time of his lecture on welding light alloys, which was in 1941 there would have been plenty of
interest in overcoming the difficulties that many faced when their experience had been in joining
lower conductivity, higher melting temperature materials. The production of Spitfires at the works
in Castle Bromwich depended on mastering the relevant techniques.
Throughout this volume there are few examples of fundamental explanations of the material
behaviours or physical principles involved. The most obvious exception being in the most recent of
the lectures included, that by Professor Cuthbertson. It is evident from the numbers attending,
which are given for most of the lectures, that this is what the members and their colleagues wanted
to hear.

MODERN METAL MELTING.
A. J. G. Smout, M.I.M.M., A.I.C.
(Read before the Society, May 20th, 1920.)
The problem of metal melting in a modern foundry is very complex, and more difficult of treatment
than questions of a purely metallurgical or engineering character. It is, however, one of fundamental
importance to metallurgists and users of metals alike, for all will, I think, agree that unless the
various metals and alloys we are called upon to handle are properly and correctly melted, mixed and
cast, the difficulties at every stage in their manufacture and subsequent use are considerably
increased, and may even prove quite insurmountable.
It seems such a simple matter to melt brass that the casual observer wonders where one can possibly
go wrong. “You simply place the metal in the fire and wait until it is molten” (as I once heard it
described). The experienced melter, however, knows very different from this; he knows that slow
melting produces badly oxidised metal containing dross (“soaked” metal), and that too rapid
melting not only burns away metal which comes in contact with the flame, but causes gas
absorption with the formation of blowholes (“burned” metal).
The subject is so vast that it is impossible in a short paper such as this is to more than touch upon
principles, and to outline some of the more popular methods of metal melting. I will say, at the very
outset, that I hold no brief whatever for any method of melting and am not a camouflaged agent for
any type of furnace. With this in view I believe that more rapid progress will be made as a result of
the healthy competition between the various modes of metal melting, than in blindly pinning our
faith to any one fuel or any one furnace. In the period of transition through which we are now
passing, it is very important that we approach the whole question with a perfectly open mind. I am
anxious to promote a free discussion on metal melting problems in general, and to exchange
experiences with fellow members of the Society.
Ideal Method of Melting
The ideal method of melting is one where there is neither fuel nor ashes to handle, where none of
the furnace gases come into contact with the metal, and where consequently oxidation and
absorption of sulphurous or other gases cannot take place, thereby keeping metal losses and
defective work down to a minimum.
The heating should be uniform and readily controlled and neither natural nor forced draught should
be necessary. At the same time proper mixing of the alloy must be possible, the rate of melting
rapid, the amount of labour employed reduced to a minimum, and the thermal efficiency of the
furnace approximate to the maximum. It is needless to add, that for the method to be a commercial
success, a reasonable output must be obtained, and the percentage of defective and indifferent
castings must be a minimum, as well as the total cost of labour, fuel, outlay of in plant, upkeep of
furnace, metal losses, etc., per ton of good metal produced. (A valuable paper on this subject was
read by Professor Hering before the Institute of Metals at their meeting in September 1917).
Unfortunately, no one method of melting or type of furnace combines all these ideals, and it is not
always a simple matter to determine which to employ, as of course, so much depends upon local
conditions. The type which most closely approximates to the ideal is the electric furnace, to which
reference will be made later on in the evening, but which owing principally to its high cost both in
installation and power, and in some types to its unsuitability for copper alloys high in zinc, has not
yet come into general use in this country for melting non-ferrous alloys. There are types, however,

which melt brass quite satisfactorily, and although the electric furnace is yet in the experimental
stage so far as British foundries are concerned, it is, I feel, the furnace of the future—much, of
course, depending on the ability to produce current at an economic figure.
The price of electric power ruling in this city today does not enable electricity to compete with other
forms of fuel as a method of melting non-ferrous alloys even under the most advantage
circumstances.
Important Factors in Melting Metals
Factors of importance in the melting of metals and alloys especially from the point of view of fuel
consumption are:
(1) The temperature of the metals when charged, i.e., whether pre-heated or not.
(2) The temperature of pouring.
(3) The specific heat of the solid metal between the temperature at which it is charged and its
melting point.
(4) The latent heat of fusion.
(5) The specific heat of the molten metal.
The importance of these latter factors is shown in the of aluminium, for example, where although it
has a low melting point (658oC.) its specific heat renders it more difficult to melt than copper
(Melting point 1081oC.). The theoretical quantity of fuel required to raise 100 lb of copper and 100
lb of aluminium to their pouring temperatures is given as under:

Hocking, of the Royal Mint, in a paper read before the Institute of Metals, 1917, states that coinage
bronze, which is poured at about the same temperature as gold, takes more than twice the amount of
gas to melt it, owing to the low specific heat and higher specific gravity of the gold.
In addition to electricity, other materials available for use as fuel for metal melting are coke (both
gas and patent), pulverised coal, gas and oil, and types of furnaces in which these fuels are used will
shortly be briefly discussed.
Notwithstanding their obvious disadvantages coke fired furnaces, either pit-type or tilter, are still
most generally used for the melting of brass and other copper alloys. This is not entirely due, as
may be supposed, to conservatism on the part of the men or the foundry management, for when al
the other methods have been considered the fact remains that the coke fired crucible furnace (apart
from the electric furnace) is the only method of metal melting where a reducing atmosphere is
constantly maintained. Foundry managers and chemists who have made an examination of the gases
from furnaces of different types will not dispute this fact, which is emphasised by the following
data given by Rhead and Wheeler in a paper read before the Chemical Society in 1911, in which
they show the equilibrium composition f mixtures of carbon monoxide and dioxide in the presence
of incandescent carbon

From these figures it can be concluded that in coke-fired furnaces, when little loss of graphite from
the crucible takes place (where the phenomenon known as “flaking” so common in gas and oil-fired
furnaces is an unknown trouble), the fuel is only burnt to carbon monoxide in the most effective
portion of the furnace.
The effect of a slight amount of air entering the furnace even for a short time, both on the crucible
and on the metal is well-known and is probably the most prevalent cause of bad and spongy
castings This being so, no apology need be made to devoting time too coke-fired crucible practice
in a paper on modern metal melting, especially as although the original features of the design of this
type of furnace persist, many recent improvements will be touched upon.
Pit-type Crucible Furnaces (Solid Fuel).
The ordinary type of pit furnace for solid fuel is so well-known that detailed description is quite
unnecessary. Ir consists essentially of a compartment of rectangular section in elevation, and of
square or circular section 10 plan. It is lined with refractory material usually a good firebrick set in
fireclay, with as few joints as possible. In modern foundries the tops of the furnaces are level with
the floor, and this may be regarded as the best and safest arrangement, although there are workmen
who prefer the tops of the furnaces to come about a foot above floor level. The furnaces are usually
arrange in a row and in this district each gang of casters looks after a battery of six. When the
“heats” are over 100lbs in weight, the crucibles are drawn from fires by means of a jib crane one of
which serves each battery. Ample space must be provided beneath, and in front of the furnaces to
allow the removal of ashes, etc., by the workmen with a reasonable degree of comfort.
In building a battery of furnaces two preliminary questions have to be decided: (1) whether the
furnaces shall be round or square, and (2) the arrangement of the flues.
The subject of round versus square furnaces has been much debated but speaking personally I much
prefer the square furnace for coke, but, of course, the round for liquid and gasesous fuel.
The chief advantages of square furnaces appear to be:
(1) Lower coke consumption owing to the cubic capacity of the furnace being smaller. A
new 100 lb. round furnace requires a 3-in coke space between crucible and furnace, whereas
a 100lb square furnace only requires 1½-in. at the sides,the corners giving ample space for
the necessary fuel for melting.
(2) Easier and cheaper to build and keep in repair – a standard rectangular brick can be used.
(3) Corners facilitate the putting on of lifting-out tongs.
The question of draught is a vital one, and, although the construction of flues and stacks has
undergone considerable change of late years, it has not yet been definitely settled as to which is the
best practice in general to be followed. Local conditions and private prejudices appear to govern
largely. Some still favour an independent flue and chimney for each fire, the several stacks being
built into a general wall for any convenient number of furnaces in the row. McWilliam and
Longmuir (General Foundry Practice Griffin) “Unhesitatingly recommend this plan for particular
work.” Others favour the “nesting-in” of stacks, others the joining up of a number of furnaces to a
large stack at the end of the row. The objection to this latter plan is that notwithstanding the
arrangements of the connecting flue, the fires nearest the stack tend to draw best, and those at the
far end to lag behind.
An advantage in this method lies in the fact that a considerable quantity of dust collects in the flues
and base of the stack which can readily be removed at fixed periods of the year, and does not
impede the draught as in the older type where it forms an incrustation on the walls of the stack, Also

as the zinc fume has greater opportunity to settle, the atmosphere is not polluted to so great an
extent, which is a matter of importance when the foundry is situated in a thickly populated district.
In the case of separate stacks, the height is usually 30 to 35 ft., and should never be less than 25 ft.
When a single stack serves a row, the height depends on the number of fires in the row and may be
anything from 40 to 100 feet.
With a view to improving the draught by increasing the volume of air passing into the furnace,
improved furnace bottoms have within the last few years made. their appearance. Big claims are
made by the patentees, and they undoubtedly possess merits. Coke consumption is reduced, and
further, the quantity of ashes made is considerably lessened, but the large mass of ironwork which
absorbs heat, and the tendency for a portion of the frame to burn out after few weeks’ work, coupled
with the expensive nature of the bottoms and the extra cost of building the furnaces when using
them, have retarded their universal adaptation.
Drop-bottoms. - The drop-bottom grate is a special feature recently introduced into modern
furnaces, both coke and gas-fired, to which I would call special attention, and it is undoubtedly an
improvement on the old-fashioned method of resting square bars on the bottom framework of the
furnace and drawing them out singly. The grate is a single casting hinged to the bottom flange of the
furnace casing. It is kept in position by means of a square draw bolt which can be withdrawn by
means of a bar thrust from above, the end of which enters an eye in the bolt.
The efficiency of coke-fired furnaces has also been much improved of late years by the provision of
a proper pre-heating chamber, and by the cutting down of radiation and other sources of heat loss.
Much can be done in this direction by the use of suitably designed furnace covers and anti-thermic
packing. The latest type of furnace is lagged by the use of thicker linings than are commonly found,
in order to reduce the loss of heat radiation, and a space is left between the inner and outer firebrick. A further refinement can be introduced by packing this space with zirconia earth. This
question of proper heat insulation is most important and apart from the increase 1n efficiency adds
considerably to the comfort of the foundry.
A case came to my knowledge a short time ago where a battery of old-fashioned coke furnaces,
which gave an efficiency of only 3½%, were re-designed on these lines, and the efficiency was
thereby raised to 7½%, which completely altered the views of the management on the question of
coke versus gas and oil-fired furnaces.
Mr. Reason, in a paper he read before the Institute of Metals in 1917 on “Coke Fired Furnaces,”
gives the internal dimensions of square coke-fired pit-type crucible furnaces, and as the figures are
those generally accepted in the trade there is no need to repeat them here. It should be borne in
mind, however, by those who may desire to make use of this table, that Mr. Reason’s ures refer to
furnaces for brass melting; when copper, nickel-silver, and other alloys of a higher melting point
than brass are to be melted the internal dimensions of the furnaces must be somewhat. This table
refers to furnaces up to 300 lb, capacity, but I would suggest that a 180 Ib. or at most a 200 lb.
crucible is the largest size that can be economically handled from the pit-type furnace, except
perhaps in exceptional cases.
Fuel Consumption. The quantity of fuel consumed in coke-fired furnaces per cwt. of metal melted
varies according to the nature of the alloy, the weight of the “ heat,” the method of working the
furnace, and the type of casting being made. No economy is effected by the use of an inferior grade
of fuel, for in addition to the greater quantity burned, the metal, by lying in the furnace an abnormal
length of time, absorbs sulphurous gases and oxygen – the two most prevalent causes of faulty

metal. Some melters use gas-coke for brass melting, but while it is satisfactory for light heats of to
say 60 to 80 lb., it is not to be recommended for heavier heats, and for melting copper and for nickel
alloys it is useless. The Americans use hard coal for brass melting. The writer's experience of
anthracitic coal was not satisfactory. The proper fuel to employ is undoubtedly the best-grade
“metallurgical coke”. It is hard, heavy, and of a silvery nature, and though more expensive than the
porous, black, dirty variety, is in every way more economical. It should not contain more than 1 –
1½% sulphur and 8—10% ash, and its calorific value should be about 12,500 B.T.U.
According to Mr. Reason (from whose paper I have already quoted) the quantity of hard coke
consumed per cwt. of brass melted is 28 lb., using a 300 lb. lift-out crucible in a coke-fired pit-type
furnace, and from 36 to 40 lb. when using gas coke. In furnaces of 150 lb. capacity the annual
average coke consumption is, in my experience, from 32 to 35 lb. per cwt. of brass melted, using
virgin metals with 1/3 good scrap. These are pre-war figures, using high-grade hard coke and
keeping the furnaces regularly lined. In the smaller furnaces as used by some brass founders (60 to
80 lb.) the difference in consumption between hard coke and gas coke is negligible and, as ingot
brass and scrap only, is usually melted, gas coke is almost exclusively employed.
The fuel consumption on the manufacture of 80/20 cupro-nickel is about 45 lb. of hard coke per
cwt. of alloy melted using virgin metals and crucibles of 250 lb. capacity pit-type furnaces.
Time of Melting. The time of melting is obviously dependent on the nature of the metal or alloy
being dealt with, the condition of the fire at the commencement of the “melt,” the weight of
the “heat,” and the practice of the foundry in question. With virgin metals and 1/3 good scrap the
average time of melting brass in 180 lb. crucibles should be 60 to 70 minutes, starting from the cold
and doing five heats per crucible per shift. Cupro-nickel (20% nickel) occupies an average of 2¼
hours, using 280 lb. Crucibles and virgin metals.
Loss in Melting is very largely a question of the nature of the metal being melted, and in the case
of brass runs up to 2½ and 3%, when the amount of scrap used is not over 40%, and when it is in a
suitable condition for charging into crucibles. When melting dirty and oily brass swarf or light brass
scrap, the loss may easily run over 10%. Even when the most modern type of pit-fired crucible
furnace is installed, the following disadvantages apply to the class as a whole:
(1) High cost of melting.
2) Low thermal efficiency (about 5—7%), much heat lost during re-firing and re-charging.
(3) Large amount of ashes and clinker made, which are comparatively rich in metal.
This metal is only recoverable at considerable expense and is much depreciated in value.
(4) Much valuable space taken up in the foundry by the necessary fuel; expense and waste
incurred in handling same.
(5) Necessity for the removal of the crucible from the furnace after each and every melt; this
is the cause of a serious drop in thermal efficiency and the constant handling, re-heating and
cooling of crucibles reduces their life.
(6) Absorption of sulphur from the coke used as fuel especially if the quality is poor.
(7) Difficulty of maintaining furnace at high temperatures over long periods of time; this is a
serious disadvantage when this type is used for alloys possessing high melting points,
although it can be overcome by the use of forced draught of low pressure.
That the pit-type coke-fired furnace possess advantages, however, is undeniable. Some of these are
as follows:
(1) Low cost and ease of installation.
(2) Great flexibility.
(3) Suitability for intermittent duty.

(4) High temperature attainable and absence of local over-heating. Maximum temperature,
without forced draught, about 1600°C.
(5) Absence of noise and of fumes, both of which are most important points.
(6) Zinc loss low, owing to the absence of forced blast and rapid currents of gas.
(7) High quality of alloy produced. In the case of brass and alloys containing nickel, the
quality is undoubtedly better than that produced in the tilting crucible furnace; the
differences are accounted for to a large extent by the more efficient mixing than is possible
in smaller crucibles, and to the greater control maintained over the pouring operation.
It has already been shown that within the past few years great improvements have been effected in
the design of coke-fired furnaces, especially: in connection with the reduction of radiation losses,
and in comparing them with other types this evolution must be borne in mind.
I hold no brief for coke, but it is obviously unfair to compare the oldest type of coke furnace with
the latest design in either gas or oil-firing, and here I must disagree with Mr. Bernard Brook's Paper
on the “Use of Coal Gas as a Fuel for Melting Non-Ferrous Alloys,” which was read before the
Institute of Metals in 1917. This paper has attracted a certain amount of attention and has been
much quoted by those interested in the sale and use of furnaces fired by town’s gas. It is referred to
by Mr. Thornton of the Richmond Furnace Co., only as recently as March last in the paper he read
before the Royal Society of Arts on “Gas Furnaces,” as “one of the most exhaustive comparative
tests made of the capabilities of coke and gas for melting.” Now Mr. Brooks’ test is in my opinion
misleading on account of its unpractical character, and any who were present at the reading of the
paper before the Institute will remember it was severely criticised on this account. The working of a
coke-fired furnace of old design and melting only 30 Ib. charges of cupro-nickel, is compared with
a gas-fired furnace of the latest design and in new condition—in fact, delivered from the makers for
the express purpose of carrying out the test. It is generally admitted that gas firing gives the best
results on small size furnaces, which are notoriously inefficient when worked on coke. Fifty cwt. of
metal was melted in 10 days, and yet most elaborate data as to labour charges (which by the way are
based on three men working 4 coke furnaces only), fuel consumption, life of furnace linings, life of
crucibles, etc., are given, and striking comparisons drawn between gas and coke. The question of
upkeep of the two kinds of furnaces does not appear to have been taken into account, for no
mention is made of this important item in the table of relative costs. The writer's experience is that
gas and oil-fired pit-type furnaces working on copper alloys are undoubtedly more expensive in
upkeep than coke-fired furnaces.
No doubt is cast as to the accuracy of the figures given, but the whole of the conditions must be
clearly enumerated and understood before comparisons are made, for if taken as an unqualified
guide, serious disappointments may result.
Following the sequence laid down in the earlier portion of the paper we should now pass to the
consideration of the use of pulverised coal in pit-type furnaces, but with your permission I will
leave this until the end of the paper where, provided there is Sufficient time at my disposal,
reference will be made to several types of furnaces fired with pulverised coal.
Pit-Type Crucible Furnaces (Liquid Fuel). Although it is doubtful if at the present time there is a
readily available source of liquid fuel suitable for metal melting sold at a price to compete with
coke in thermal efficiency, there are a large number of oil-fired furnaces, both pit-type and tilters, in
use. They are chiefly installations which have been at work some years or cases where the use of
coke or gas is inconvenient. At the present time it is doubtful whether it is wise to install oil-fired
furnaces, except, of course, under very special circumstances, although as things come more normal
oil will doubtless enter once again into competition with other fuels. It is largely used in the States

for melting, but I am told by friends who have recently visited there, that most of the installations
are so fitted as to enable them to change on to gas should the necessity arise.
The American is cute enough to play the Gas Companies and the Oil Trusts off on to one another,
and in this way to keep the price of both fuels down to within something approaching a reasonable
figure.
Several British makers of oil-fired furnaces have talked a lot of late of “illimitable quantities of
cheap and satisfactory crude oil which would shortly come on the market,” but Mr. L. C. Harvey,
the London furnace expert, discussing this source of supply at the meeting of the Institute of Metals
held in September 1917, said that he had yet to find a system of burning crude gas tar in crucible
melting furnaces which really could be considered successful.
Most of the oil-fired furnaces can be worked with a crude oil provided it is not too viscous to
prevent the required amount, which varies from three to 10 gallons per hour, from freely passing
through the burner. Attempts to use crude gas tar without further distillation generally end in
“smoke.”
Oil fired furnaces, however, possess certain advantages, among which may be mentioned:
(1) More rapid melting, and little delay in heating up furnace.
(2) No stoking, no ashes, no transit of fuel, and no large storage space necessary.
(3) Less handling and abuse of crucibles which are more easily dealt with than in coke-fired
furnaces, where they are frequently damaged in the operation of “coking up.”
(4) Particularly suitable for intermittent operation.
(5) Low metal losses in melting.
(6) Temperature regular and easily controlled. Fuel consumption ceases as soon as the metal
is melted.
(7) Quality of the work turned out is good.
The chief disadvantages in the use of oil under present conditions are:
(1) Cost of installing a battery of oil pit-type f is considerably higher than that of coke.
(2) Cost of upkeep is greater, owing to difficulty of obtaining at a reasonable figure good
refractories capable of resisting the increased temperature and wear of these furnaces.
(3) Cost of oil is in many places prohibitive, and it is subject to more violent fluctuations in
price than any other fuel.
(4) Many oil-fired furnaces have had to partially, if not entirely shut down, owing to the
failure of supplies, and the fact that the ever-increasing price of the fuel has rendered them
uneconomical
(5) There is also a marked variation in the properties of fuel-oil now as compared with prewar days, and I know of a plant installed a few years ago which is not now working
efficiently for these reasons, which are quite beyond the control of the user.
It is these facts which prevents oil fuel being used in this country to the same extent that it is
employed in the States, but oil has immense possibilities, and doubtless as soon as things become
easier (when the oil fields of Russia, Roumania, and Mesopotamia, for example, re-commence
serious production) the price per B.T.U, will be compatible with that of coke, and oil will regain its
popularity. This would certainly be the case if our home sources of supply could be developed in
sufficient quantity to render the price more stable.

I will now proceed to describe a type of lift-out oil fired furnace which is giving satisfactory results,
in the foundry of a brass rolling mill in Birmingham, as far as quality of output, freedom from
trouble, etc., although I have no data as regards cost. (Fig. 1).
Mr. Primrose in a paper read before the Institute of Metals in 1917, describes the working of a
battery of simple oil-fired furnaces, each worked with an independent burner, but the great feature
of the furnaces shown in the figure is that a battery of six are fired by two burners only, which
results in a saving of 50% fuel compared with furnaces fitted with separate burners. At one time it
was very difficult to control any one crucible in such a battery, but Mr. Harvey's design completely
overcame this trouble. The unit has a common melting chamber at the base of the crucibles, but the
upper portion is divided off into separate compartments, each with its own flue and pre-heating
chamber. By this means any one furnace can be opened, charged, and mixed, without in any way
affecting the melting conditions of the other chambers.
The oil is stored in large underground tanks and pumped up into a small “head” tank of about 2 tons
capacity 12—15 ft. above ground level. This tank is fitted with a steam coil by means of which the
oil is heated to 100—150°F. The oil flows by gravity through a perforated metal screen, which acts
as a strainer, and then, by means of a lagged pipe, to the burner. The burner is the well-known
“Hoveler” HP. type, in which only about a quarter of the total air required is supplied under
pressure, the remaining three-quarters being induced into the furnace mixing chamber from the
atmosphere. In reality this means that the air required to properly atomise the oil is under pressure,
whereas the air necessary for complete combustion is atmospheric, which considerably simplifies
both the constructions of the burner and the working of the furnace.
The furnaces described by Mr. Primrose in the paper to which reference has already been made, use
a low pressure burner. In these the greater portion of the air is supplied under low pressure, only
about 30%, being induced from the atmosphere. Although the fuel consumption is somewhat higher,
there is less wear on the furnace liming, a saving is effected on the cost of air compressing, and the
foundry is practically noiseless, a point which will be much appreciated by those who have
experienced the roar of a large battery of oil or gas-fired furnaces worked with high-pressure
burners. The low-pressure burner works with air at 3/4lb. pressure only, which is supplied by means
of a suitable fan, and no air receiver for steadying the pressure is necessary as when a compressor is
used.

Gaseous Fuel
Gaseous fuel as a means of metal melting is much more popular than oil owing to reasons already
outlined. It was much boomed and made great progress during the war. It is not proposed to
more than very briefly touch upon its use, as the able paper delivered by Mr. Arthur Forshaw,
M.Sc., at the last meeting of the Society is still fresh in our minds, and his experience is so vast in
this connection that nothing I can add will carry the subject any further.
Reference has already been made to Mr. Bernard Brooks’ paper on the subject and to the paper by
Mr. Hocking describing the practice at the Royal Mint. Mr Hocking's paper has been much quoted
and used in drawing comparisons between gas and coke firing, but it should be borne in mind that
the conditions prevailing at the Royal Mint are of a very special character, and the melting of
precious metals is scarcely applicable to the rough and tumble of ordinary foundry routine.
There are two serious disadvantages with gas-fired furnaces which are not touched upon in either of
these papers, viz., the noise and the fumes. Mr. Brooks’ short trial on a single furnace melting
cupro-nickel did not bring out these points, but they are real difficulties in works of any size. Many
present have doubtless seen foundries where the conditions owing to these defects are well-nigh
intolerable, and in which, in fact, it was quite impossible to hear oneself speak. This is not carping
criticism, and furnace designers would do well to bear these objections in mind. With regard to
fumes suitable means should be provided for their removal even although it may mean (as the
writer's experience leads him to believe it does) a slightly increased gas consumption. With regard
to the noise, I venture to suggest that the future of gas firing lies with the use of low-pressure
burners, and that the compressing of either the gas or the air are steps in the wrong direction. Such a
change would also be accompanied by less wear on the furnace refractories which are often so
severely tried by flames of such high velocity.
The absorption of the gas from a gas-fired furnace by the molten metal is another important point
upon which we require much further information. Molten metal, unlike water and other fluids,
absorbs an increasing quantity of gas as the temperature rises, and all engaged in the production of
high-grade alloys know how difficult it is to prevent this absorption. A case came to my knowledge
twelve months or so ago where a firm in the North were obtaining the greatest difficulty in
complying with the Admiralty specification for Gun Metal when casting from their new gas
furnaces, although still getting good results on their coke battery. Microscopic examination
disclosed the fact that the trouble was due to occluded gas and oxide inclusions.
In discussing Mr. Forshaw’s recent paper the writer expressed a doubt as to whether we were really
on right lines in converting coal into town’s gas, and subsequently burning this gas in the ordinary
crucible gas-fired furnace.
I had in mind not only firing by pulverised coal, but the use of producer gas on either a regenerative
or recuperative system. Furnaces working on Siemens Regenerative System have, as is well known,
been in use for many years for the crucible melting of steels and I believe a battery has been
working at Woolwich on brass melting for 25 – 30 years. It is generally agreed that recuperation is
better than regeneration, and some few years ago a new furnace of this type, but using the principle
of recuperation, was introduced into this country by the Danish engineer, Hermansen, Its
introduction at the metal-melting meeting of the Institute of Metals came as somewhat of a novelty
to non-ferrous men, but it certainly created a favourable impression, and the furnace ji, I believe,
making headway in this country, not only as applied to metal melting, but also in glass melting and
other industries. It is fairly well known on the Continent, more especially in Scandinavia, and a
furnace is at the present time in course of erection in a Birmingham metal works.

In melting 70/30 brass for the manufacture of strips for rolling, the fuel consumption is given as
18%, the crucible life as 35—50%, greater than coke-fired furnaces, and the metal loss from ½ to
3
/4%.
It is claimed that the low metal loss is due to the reducing atmosphere present in the furnace, but
doubtless the absence of rapid currents of gas passing over the metal, as are common in furnaces
using gas and liquid fuel, are also largely responsible for this low figure.
Fig, 2 shows the main feature of the furnaces, the gas is conducted from the producer to a central
burner where it is burnt by means of the pre-heated air from the recuperator, and the hot gasses pass
into the melting chamber in which the set of crucibles containing the charges of metal are placed.

In the course of the discussion Mr. Teisen, who introduced the paper at the Institute of Metals
meeting, gave a table of comparative cost between this furnace, the coke-fired pit furnace, the coke
tilter and town’s gas pit furnace, but as the price of fuel has risen so considerably since the
publication of this paper, I have ventured to bring the table up-to-date, and at the same time I cannot
agree a 40% fuel consumption figure for coke pit furnace on 70/30 brass, or a gas figure of 4 ft. per
lb. of metal melted, and with Mr. Teisen’s permission I have revised the table in accordance with
my own experience, leaving the Hermansen fuel consumption and loss as he gives it.

Coke is taken at 80/- per ton; Coal at 33/3 per ton; Town’s Gas at 3/9 per 1,000 cubic feet; Metal at
10d. per lb.

Tilting Furnaces
The chief disadvantage of the pit-type crucible furnace is the necessity for the removal of the
crucible from the furnace at the completion of each and every fusion. In the first place the cooling
effect of the air upon the crucible renders the metal liable to early freezing, and in order to
counteract this a certain amount of over-heating is necessary. It also leads to comparatively sudden
contraction of the crucible, which is followed by expansion of the same when it is replaced in the
fire, and these frequent sudden changes in temperature seriously lessen the life.
The carrying of molten metal about the foundry adds considerably to the number of accidents,
which appear to be increased by the fact that the pouring of the charge must be conducted with great
promptness and precision. The removal of the crucible from the furnace and the pouring of the
charge also limit its size unless an electric overhead travelling crane is installed. Charges up to
200lb. only are commonly melted in pit-type furnaces, and those over 100lb. are generally handled
by means of a jib-crane. The mode of removal is of necessity one that renders the crucible liable to
injury, for however carefully handled, and however ingenious the design of the tongs or lifting
mechanism, the same must sooner or later lead to deterioration of the crucible. To overcome these
difficulties, and to add to the efficiency of the furnaces, crucible furnaces of the tilting type have
been designed.
From the point of cost of melting, thermal efficiency and output, the tilting furnace is well ahead of
the pit-type, but it is held by many that the quality of metal is inferior to that produced in the older
type of furnace.
The writer's experience on copper alloys fully confirms this view, also the opinion that, unless
properly supervised, the waste of metal and cost of maintenance of the plant is very high. During
the latter portion of the war, I saw several tilter plants in operation where this waste was nothing
short of prodigal, and where a large percentage of the metal cast had to be returned to the furnaces.
The amount of floor waste (splashings) from a tilter is also greater than from the hand-poured
crucible, more ‘‘piping” occurs with an accompanying increased “gett ” if strips are being poured,
and the crucibles are of such large capacity that in the event of a breakage in the fire the loss of
metal is a serious item. It should be remembered that it is more difficult to get up a 650 lb. crucible
than 150 lb. and the risks of a “run out” are much increased,
Any class of fuel may be used on tilting furnaces, and from the point of view of heat efficiency
there is not much to choose between pulverised coal, coke, town gas, or oil, if the best furnace is
selected for each fuel. Mr, Harvey in a private communication has given me the following figures as
the heat efficiencies of tilting furnaces for general all-round work:

It will be noticed that the thermal efficiency of these furnaces whether worked on town’s gas, oil or
coke is about the same, and while the cost of fuel when using gas and oil is more than double that of
coke, this is counterbalanced to some extent by the increased life of the crucibles. The following
table, which has been compiled from data furnished me by a gentleman in the North shows the
relative working costs of coke, town’s gas, and oil-fired tilting furnaces engaged in melting brass
swarf (60/40) for fuse rods (Class G):

The melting of brass swarf is a notoriously different matter, and the above figures can easily be
improved upon when making brass from virgin metals with, say, 40% scrap.
While the underlying principle is the same there are various designs of tilting furnaces on the
market, each of which has it advantages.
A most efficient type, from which metal can be poured direct into billets or strips suitable for rolling
is seen in Figure 3.
It is not proposed to go into the constructional details, but numerous good features will be noticed
including the recuperative flue, by means of which the air-blast is pre-heated, resulting in a
substantial economy in fuel.
The air is supplied by means of a fan at a pressure of 1½-in. to 2-in. water gauge and reaches the
fire partly through and over the grate bars, and partly through tuyère holes placed at different levels
in the lining of the furnace body. To prevent these tuyères from becoming fouled, holes which are
normally closed by sliding covers, are drilled in the outer shell to coincide with the tuyère holes, It
is thus a simple matter to clear away any obstruction, The axis of pouring being through the spout
of the crucible a “constant pouring point” is maintained, so that the molten metal can be run direct
into the moulds which are usually arranged on a turntable.
This is a great advantage. An essential feature is the preheater section containing the muffle ring,
which fits closely into the crucible, and in which is placed bulky and light scrap. It also serves to
prevent the furnace gases from coming in contact with the contents of the crucible.
Furnaces of this type are quite readily adapted so that they can be fired by town’s gas, producer gas,
blue water gas, or oil. Producer gas (160 B.T.U.) and Water gas (310 B.T.U.) can be quite
successfully used on these furnaces when properly designed burners are employed, in fact, a very
large metal melting installation in the South of England was running on blue water-gas for some
years during the war.

Fig. 3.

There is not time to deal with the numerous makes of tilting furnaces on the market, but I would just
refer to a non-crucible tilting and rocking unit of quite an original design which has been recently
patented.
The design lends itself to oil, gas, and pulverised coal firing, although oil is the more favoured fuel.
The general arrangement of the furnace is shown in Fig. 4, from which it will be seen that by this
arrangement it is possible to melt in bulk (say 10 to 15 cwt. lots), and to either pour the whole
charge or any portion of it by simply tilting the furnace.
The charging tube is made of plumbago or carborundum mixture, so that any metal charged into the
furnace through this tube can be melted as in a crucible, but in this case, there is no bottom to the
crucible and the metal flows into the melting bath, so that fresh metal is introduced below the slag
line and out of contact with any oxidising atmosphere.
The small holes on the top of the charging tube are intended to control the small amount of hot
gases from the combustion chamber, which will expel any cold air which would otherwise reach the
surface of the metal in the tube.
A thin slag covering, such as molten glass, can be floated over the surface of the metal in the
melting bath to form additional protection against oxidisation, but as the outlet of the furnace is
controlled by means of a damper the conditions in the combustion chamber can be maintained
slightly reducing at all times,
A rocking motion is imparted to the furnace body in order to agitate the cooler metal at the bottom
of the bath, and so produce a thorough heat circulation throughout the molten mass. This is a
furnace of which I believe more will be heard in the near future.

Electric Melting Furnaces
The advantages to be obtained by the use of electricity for metal melting are so numerous and so
fully realised that nearly every known method of applying electric heat to a metal has been
proposed and tried.
The question is often asked as to whether electricity is really applicable to the melting of nonferrous metals and alloys, and Unfortunately such a question cannot be answered by a simple “Yes”
or “No,” So much depends on local conditions what is a brilliant commercial success in the U.S.A,
with power at 1/8d per unit, or in Norway where it is even cheaper, may be complete economic
failure in this country where we may be paying anything up to 2d per unit.
In the face of present day prices for electric power there seems to be little prospect of the electric
melting of non-ferrous alloys becoming a practical proposition in this country at the moment
except, perhaps, to a limited extent on some special work where cost of melting is quite secondary
to the production of really first class alloy, Even with steel the electric furnace is chiefly engaged in
the manufacture of the more expensive alloys, and many units have been closed during the past 12
to 18 months on account of their inability to compete on economic grounds with other furnaces.
It was pointed out at the commencement of this paper that it is undoubtedly the ideal method of
melting (that is, of course when a suitable type of furnace, properly designed and correctly used, is
employed), but a furnace which is not metallurgically correct is useless and may easily prove to be
much worse than the most obsolete type of coke-fired furnace. Obviously the most economical
method of melting metal by electricity is to pass the current through it as is done in the induction
furnace, but while this method is eminently suitable for steel it has many disadvantages when
applied to brass, The great headway made of late by the electric furnace melting steel is often cited,
but it must be remembered that copper and its alloys are very different metals, and require the
greatest care in melting to avoid local overheating and loss by oxidation and volatilisation. They
usually have to conform to a rigid specification and must be quite uniform in composition with the

varying constituents thoroughly alloyed. These essentials rule out several types of furnace which
give excellent results on steel melting.
The application of electric energy for melting non-ferrous metals and alloys has advanced
enormously in the States during the past few years, and notwithstanding the heavy handicap placed
upon industry by the exorbitant charges for power in this district several manufacturers have
recently installed one or more electric furnaces, doubtless to enable them to investigate more
thoroughly its many advantages as applied to their own particular business so as to be ready when
prices do become more normal.
The chief advantages to be derived from melting non-ferrous metals in electric furnaces (using of
course the proper design of furnace) may be summarised as1, High thermal efficiency,
2. Accurate control of temperature,
3. Absence of flue losses.
4. Any desired atmosphere can be maintained in the furnace without affecting the heat
supply.
5. Furnaces can be made for relatively large quantities of metal with corresponding saving in
labour and foundry space.
6. No labour involved in cartage of fuel or removal of ashes. Skimmings reduced to a
minimum.
7. Quality of castings produced is very high. Sulphurous gases entirely excluded from the
melting operation.
8. Better working conditions. No noise, fumes, or excessive radiated heat.
9. Saving of metal (where this is not so, it is due to an unsuitable type of furnace being
employed for the metal in question).
10. Elimination of crucible cost.
From the point of view of the metal melter electric furnaces may be classified under these headings:
Those in which the
(a) Heat is produced exterior to the metal to be melted.
(b) Heat is produced on the surface of the metal to be melted.
(c) Heat is produced within the metal to be melted.
The second type can be dismissed at once as unsuitable for most non-ferrous alloys, as owing to the
direct arc sprung between the surface of the metal and the electrodes excessive local over-heating
and burning takes place which, of course, is most undesirable. For alloys containing any readily
volatile constituent their use is impossible.
The two furnaces which appear to have attracted British foundrymen, and which offer, perhaps, the
greatest possibilities for copper and its alloys are the Baily and the Ajax-Wyatt, which fall
respectively into classes 1 and 3.
The Baily furnace is working in the district and is found to be simple, reliable, easy to operate, and
can be used on almost any alloy. The chief disadvantages lie in the fact that it is not easy to mix the
charge thoroughly—that it is somewhat slow in action.
In this design an annular trough of resistor material is held in the brickwork lining of the furnace at
a short distance above the metal bath. Single phase or continuous current can be used. The heat
generated in the resistor material is reflected on to the roof whence it is radiated down upon the
metal.

The thermal efficiency of the furnace is low in comparison other the other type mentioned, chiefly
on account of the massive brickwork which must be heated, the radiation losses and the indirect
method of heating the metal.
Heat stored in furnaces of this description is sometimes sufficient to melt the charge of metal with
little or no additional power from the electric supply. It follows that this amount of stored heat must
be put into the furnace when starting up from cold, and that until the refractory lining is so saturated
melting cannot be attempted. It is therefore necessary to heat the furnace for a considerable time
before melting temperatures are reached. The furnace must be worked continuously in order to
obtain the most economical results. If the furnace is kept entirely closed during an off time it will
cool down very gradually. It has been found that under these conditions a furnace took some
49hours to cool from 1455oC, to 620oC. The chief advantages of this type of furnace lies in the
direction of small metal loss for any brass alloy, that it can be used for following heats of different
alloys, that it has a steady load, and it can be made for large charges of metal. To obtain this
advantage of low metal loss, however, the metal must be poured as soon as the correct temperature
is reached, as owing to the large amount of heat stored up in the furnace, the temperature of the
metal will continue to rise after the power is cut off, with serious loss of zinc. This furnace is fully
described in a paper on “Electric Furnaces for Non-ferrous Melting” - Cutts (Birmingham
Metallurgical Society Journal Vol VIII, No. 1)
The Ajax-Wyatt furnace, which I have stated is beginning to be introduced in this country belongs
to our third class of electric furnace, i.e., Induction Furnaces, those in which the heat is produced
within the metal itself. The fault and difficulties of the earlier types of induction furnaces have been
overcome by Wyatt’s design, where the secondary circuit consists of a V-shaped mass of metal
confined to narrow passages on two sides and open at the top. The primary is connected to the A.C.
local supply and may be wound to suit any voltage.
In the narrow passages three forces operate, viz., pinch effect, motor effect, and gravity. As the
metal heats up in this V-shaped channel by reason of the induced current passing through, a
circulation of hot, molten metal is continually taking place, the cooler metal filling the heating
channel. The mixing of the alloy is therefore perfectly accomplished by means of this automatic
circulation of the metal during the melt. The head of the molten metal above the V-shape in the
chamber of the furnace prevents the pinch effect from actually rupturing the circuit, which was the
cause of failure in the earlier types of furnace.
Owing to the presence of the molten metal in the secondary channel the furnace is never entirely
emptied of metal, and the resistance of the secondary circuit is therefore constant for all conditions
during a melt. The load on the supply mains is steady and is therefore a very desirable one from the
station engineer's point of view.
A charge can be melted very rapidly in this type of furnace the metal loss in a minimum, but it must
be operated continuously and never entirely emptied of metal, 75 lb. being usually left. It is in
consequence unsuitable for melting alloys of different composition and cannot be used for
intermittent work without risk of damage to the lining of the secondary channel.
Two sizes are on the market, the 30 kilowatt or 300 lbs. (375 lbs. with the secondary circuit metal),
and 60 kilowatt or 600 lbs. (675 lbs. with secondary metal). The power factor for the smaller
size is 85%, and for the larger 72%.
There are now running in one brass foundry in America 28 of the 300 lb. size furnace, which are
chiefly used for melting brass- turnings. On account of the damaging effect of lead upon the special
material used for lining the V channels its content in alloys melted must be restricted to 3%.

When making 60/40 brass the power consumption is about 225, and with 70/30 brass 230 k.w.h. per
ton.
I have dealt rather fully with electric furnaces because I feel that, when prices become more normal
and supply stations really lay themselves out to provide electric energy for furnace work at an even
lower rate than for ordinary motor power uses there is an immense field in this direction. I cannot
see them being of much use in the smaller works or for job casting, but in the larger establishments
where mass production methods can he successfully employed, and where they already possess the
expert electrical and metallurgical staff necessary to properly run them there certainly appears to be
a future.
Writing recently on the advantages of electric furnaces for non-ferrous metal melting in the
Electrical World, Crosby stated that at present 5% of the total output of brass was melted
electrically, but within the next 10 years 75%, would thus be melted. The electric melting of zinc
cathodes, aluminium, and also of copper for castings and wire of high tensile strength is rapidly
becoming commercial practice in the States. Collins writing in Chemical and Metallurgical
Engineering a few months back, says “We cannot longer doubt that the electric furnace is destined
completely to dominate the brass-melting field.” British metallurgists are watching very closely
developments in the Slates in this direction
Speaking personally (and with this I will conclude) one of the most attractive features lies in the
fact that an electric casting shop would appear to be capable of much more scientific control than
one containing any of the other systems we have considered this evening. The old-time caster would
appear to be rendered obsolete since much of the hard work, heat, and dirt now associated with his
work, would be eliminated and he would give place to a better type of workman, who would use his
head rather than his hands to accomplish the desired end.
It is obvious, Mr. Chairman, that a paper such as this cannot have been written from personal
knowledge of the subject alone, and in conclusion I am pleased to have the opportunity of
acknowledging the valuable assistance received from gentlemen, too numerous to mention
individually, who have freely placed their experience before me and more especially to Mr. L. C.
Harvey, a member of the Fuel Research Board, to whom I am especially indebted in this direction.

NOTES ON THE DEVELOPMENT OF PRODUCER GAS FIRED FURNACES
Th. Teisen C.E.
(Read before the Society at Wolverhampton on February 28th, 1924.)
As the title indicates this paper deals with Producer Gas Fired Furnaces from the point of view of
the construction and not, as perhaps might be expected by a Society of this kind, from the
metallurgist’s point of view.
I hope nevertheless that it will be of some interest to members, as the cooperation of the
metallurgist or chemist is essential for the introduction of any new devices requiring new working
methods.
I think it is a difficult task to write a paper covering such a theme which shall be of interest both to
the scientifically trained work’s representative, whose insight into the working of the particular
example representing his industry may probably be much greater than the author’s, and at the same
time be plain enough to appeal to the practical man without scientific training but with a very sound
experience.
I therefore propose to deal with it in a straightforward manner, taking some actual examples and
outlining where I think such furnaces would be profitable.
The Producer Gas Fired system is no new invention. It has been used extensively in certain
industries for many years. It has, however, been given new life by being adopted for new ranges of
purposes for different industries, on account of its economical working and other advantages.
The question which now arises is what are the main advantages to be gained over the older direct
fired types, and this is briefly answered: (1) economy in fuel. (2) Better control of the temperature,
whether high or low, at any point in the furnace.
These furnaces may be classified according to their construction into those having their own
producers and those connected with central producers.
Or in another manner according to their working method into regenerative furnace in which the gas
and secondary combustion air is preheated on the intermittent system introduced by Siemens; and
recuperative furnaces in which usually the secondary air alone is pre-heated on the continuous
system; and lastly those without heat recovery.
The latter classification is the most useful for this purpose and before going into the details of it, it
appears desirable to outline briefly what the comparative merits are of the three groups and their
sphere of use.
To reach high temperatures it is essential that the gas and air should both be at as high a temperature
as possible. In the Regenerative furnace, introduced by Siemens, both gas and air are pre-heated by
being passed through regenerative chambers filled with checker bricks through which the waste
gases have been passed immediately beforehand. By a system of valves, the direction of the gas and
air is changed every now and then as required, usually every 20-30 minutes, and the system is
therefore intermittent. As is well-known, very high temperatures are obtained and the application to
the smelting of steel, glass and other substances of a high melting point is a common. For larger
furnaces, where high temperatures are required, it still holds the dominating position. It has also

been applied to furnaces of somewhat lower temperatures and smaller units, but this, to my mind, is
beyond its scope, as it makes a plant unnecessarily dear, bulky and complicated.
The recuperative system, on the other hand, is continuous in its system of working, the waste heat
being conducted through the walls of the recuperator to the adjacent air channels.
It is evident that in the Regenerative system, the gas can be either cold or hot, without limiting the
temperatures to be obtained, as both gas and air are pre-heated, while in the usual Recuperative
system, the gas must be delivered hot if high temperatures are to be obtained. This again means
placing the recuperators as near the furnace as possible, preferably they are built in the furnace
itself, which makes it a self-contained unit of very high efficiency.
One sometimes sees a Regenerative furnace without gas regeneration as well as a Recuperative
furnace with recuperation of gas, but these are merely exceptions compared with general use.
As will be seen, the Recuperative system is able to reach very high temperatures if the essential part
- the recuperator – is designed on correct lines. Speaking generally, this is far from being the case,
and the common systems in use offer much greater scope for improvement. whether it be in
direction of production of high temperatures in an economical way or in their application to the
lower spheres of temperatures where hitherto no recuperation has been used.
It goes without saying that in the case of high temperature furnaces, the recuperator must be of a
highly refractory material combining strength with high conductivity of heat, and it should, where
the furnace is worked continuously day and night, be designed and dimensioned on other lines than
in such cases where the furnace is only worked for a number of days and then cooled down.
The recuperator necessarily accumulates a_ considerable amount of heat and it is therefore of little
use to give a furnace of the latter kind a large recuperator which binds so much heat for no useful
purpose when the furnace is let out. In this case it must further be taken into account that a
recuperator which gives no trouble when kept at a fairly constant heat may develop leaks when
continuously heated up and down. It is here better to sacrifice a little efficiency for the purpose of
safety and the designer must always carefully consider these factors - efficiency, safety and
economy aimed at in each single case.
Many different kinds of recuperators are now in use especially on the Continent one is struck by the
number. They might be classed as Tubular and Plate Recuperators. In the first case the waste gases
or the air, as the case may be, is passed through tubes, either interlocking or with joints covered in
some other way. Air and gas passages might both be horizontal or both vertical, or one horizontal
and one vertical. The design will often decide what system is most easily adoptable and when that
found out there remains the introduction of the necessary safety and efficiency in the detailed
design. To obtain the highest efficiency it is essential to work with a fairly constant speed which
should not be too low, as otherwise the air film adhering to the inside of the tube prevents a ready
conduction of heat through the wall and the recuperator works sluggishly. If, on the other hand the
speed is unduly increased, too much friction occurs, and one has to depend on either a big chimney
draught or forced draught – in itself a very efficient method for a really safe recuperatorRecuperators with the horizontal air and gas passages are the most efficient from this point of view,
while those with vertical air channels under equal conditions are less efficient unless in case where
it is possible to increase the area for the secondary air according to the expansion of this. When one
remembers that air expands about four and a half times between normal temperature and 1,000°,
this requirement will readily be understood.

The Plate recuperators are usually somewhat less efficient, but on the other hand might be designed
on very strong lines and admirably suit such cases where only a partial recuperation is required.
The last class referred to are such gas fired furnaces which have no, or only partial heat recovery. It
may be asked what use gas firing can be under such circumstances, but the reply has already been
given - the advantage of better heat distribution and control.
In this class of furnaces, the escaping waste gases may be of either low temperature on account of
the heat being utilised in the furnace itself, as is the case in Tunnel and Shaft furnaces; or they may
be of high temperature and the heat utilised for the purpose of raising steam, drying, etc. Even here,
these purposes can often be achieved after a certain amount of recuperation has taken place. By
diverting part of the waste heat to this, a greater efficiency of the furnace can be secured and, in
many cases, the same use of waste heat may be had by employing more efficient apparatus for the
utilisation of the waste heat, be it in the form of modern waste heat boilers, better designed drying
apparatus and so on.
I shall only briefly touch upon the question of producers, as this is so big a matter in itself that it
would give substance for several papers. The Central Producer plants have reached such a height of
efficiency and are so well-known as to speak for themselves, but they are naturally confined to large
works using large furnaces. If applied to smaller furnaces the deciding factor is more a question of
labour than anything else.
The Built-in Producers, on the other hand, can be applied in nearly all cases where handling is not
the most important matter, and offer to the works the advantage of gas firing at a very moderate
outlay. The gas producer in itself is a very simple thing, but to obtain the best results it pays to give
a little more attention to its proper design. One often sees very obsolete old-fashioned types about
with no proper control of primary air, untight fire doors, leaking poking holes and coal hoppers. It is
obvious that a good, properly constructed firebox will often give as good results as these. To be
efficient it must have proper, tight-closing ash doors and fire doors or hoppers and have a suitable
grate, easy for cleaning.
This can be either a flat, an inclined, or a step grate. The latter offers the greatest advantages in most
cases, when properly designed. It is easy to clinker, gravity helping the ashes to find their way
downwards where they are removed from under the last bar. Old clinkers and ashes may be readily
removed by raking out between the bars.
To give the fire bars a substantial life, they should be water cooled, the water dripping from bar to
bar, eventually finding its way to the water basin beneath the grate. A certain amount f steam is
raised, reducing the amount of clinker and giving the usual, although small, increase of hydrogen to
the gas.
Ordinary coal, in most cases a local one, is the cheapest fuel at disposal, and it 1s therefore essential
that the be suitable for burning this. Many furnaces will only run successfully on coke or on very
spoil coals, but that is often due to faulty design. It must not be overlooked, however, that it often
pays in the fuel bill, to use a somewhat dearer coal, as unfortunately coal is bought by the ton in
most cases without knowledge as to its heating properties. Wherever possible, analyses of the coal
should be asked for, and the ash contents be known. This would obviate unnecessary efforts by
working in the dark
Turning back to the application of the Recuperative system. we have seen that it is essential that
these furnaces are working in conjunction with an efficient. gas producer and possess a suitable
organ of recuperation which will meet the requirements of each particulars case. This is far from

being the case in the bulk of the furnaces one meets with and this fact I reckon is responsible fox the
relatively poor success they have met with in this country.
Although such a furnace may appear to be a fairly simple apparatus, it nevertheless requires the
most careful planning and design to be a success, but in too many cases it is left to firms or
individuals with no proper training, or it has been the task of the works engineer or manager, who
already has so much other work to do to be unable to devote his full energy in this direction as well.
The custom of building their own furnaces is followed much more in this country than abroad,
probably a custom retained from the time when this country was absolutely dominating in industry.
On the Continent in countries like France, Belgium, Germany and Scandinavia, the furnace
engineer has a greater sphere, and even large works are utilising his services to a great extent,
otherwise it would be impossible for the many furnace firms to exist.
It is curious to note that the introduction of gas firing in the various countries is not proceeding on
parallel lines; in one country it may be one industry which takes the lead; in another country,
another, but it will be found that the successful introduction in one industry of a country usually
reacts sooner or later in more or less related industries in the same country.

A NEW PRODUCER GAS FIRED CRUCIBLE FURNACE FOR METAL MELTING.
T. Teisen, B.Sc. (Birmingham).
(Contribution to a meeting on Furnaces at the Institute of Metals AGM March 22nd, 1917).
The furnace of which some brief particulars are now given was invented by the Danish civil
engineer, Axel Hermansen of Ingelstad, and is the result of several years’ experiments. The scarcity
of fuel and metal, and the consequential high prices of these commodities in Scandinavia as
compared with Great Britain, made it necessary to build a more economical furnace than the type
ordinarily used, with a view to compensating, as far as possible, for the otherwise high cost of
production.
The first two furnaces were built by the inventor in 1913 at the Swedish metal works, Svenska
Metallverken, Vesteras, for the melting of brass and alloys. Ordinary coal is used as fuel and is fired
in a gas-producer built in the furnace. It is worked on the Hermansen Recuperative System, which is
now used in about 3500 furnaces of different kinds. This system, used for the preheating of air or
gas, has in many cases displaced the Siemens’ Regenerative System, which is more complicated and
expensive. The main differences between the two systems are briefly: Siemens’ Regenerative
System for preheating air or gas is discontinuous, as the direction of the air and gas passing through
the regenerator chambers - at certain intervals – is reversed, while the Recuperative System is
continuous, the air and gas always passing the same way through the recuperator, which latter
conducts the waste heat from the burnt gases continuously through the sides of the recuperator tubes
to the secondary air
The gas is conducted from the producer, P (see Fig. 1), to a central burner, B, where it meets the
highly preheated air from the recuperator, R, thus being burnt in the combustion chamber, in which
six crucibles of ordinary size are placed in a circle. The gases passing round the crucibles are led
from here through passages to the recuperator, and through that to the chimney.

The crucibles are lifted by means of a pair of tongue opening at the top of the furnace, which is kept
on a level with the working floor, just as pit furnaces.
The official trial in Vesteras during one week in August 1914 showed that the fuel consumption was
19 per cent. of coal, including the coal used for keeping the furnace warm from Saturday noon to
Monday morning. Previously about 38 per cent. of coke was used in the ordinary pit furnace. The
crucible lasted about 35 per cent. More heats than with the coke furnaces. The loss of metal was

reduced from about 2½ per cent. to ¾ per cent. The saving of this large amount of metal is due to
the following:
1. The metal is melted in a reducing or neutral atmosphere, therefore the loss by oxidation
will be the lowest possible.
2, The metal lost by crucible breakage or by overflow will not run down in the fire and mix
with the ash, but is caught in a special pocket, M, from which it can be taken out in a
perfectly clean condition and charged in the crucible again.
3. The temperature in the furnace can be easily regulated by means of air slides to any
temperature required.
At Finspong Metallverken, where this furnace has also been working since 1915, the coal
consumption was 18 per cent., equal to about 3½ cwt. for 1 ton of metal (70 : 30 brass) melted. The
furnace gave then about 14 charges, each half a ton, in 24 hours, equal to a production of about 7
tons. The loss of metal was reduced to ½ per cont. These latter figures were the result of about six
months’ running.
A number of these furnaces are now running or under construction for many leading works in
Scandinavia and the Allied countries.

ELECTRIC FURNACE DEVELOPMENTS
D. F. Campbell, Esq., M.A. (Oxon.), A.R.S.M.
(27th November 1928, in The Engineers’ Club, Birmingham.)
Before describing modern developments in electric furnace practice, it may be of interest to
mention a little of the early history of this important branch of metallurgy and give you some idea
of the heavy electro-metallurgical industry and what it involves.
The large electro-metallurgical works were all situated in districts where waterpower was available,
but recently it has been found possible to use electricity produced from cheap fuel, such as the
brown coal of Westphalia.
Smelting of aluminium metal from pure alumina refined from bauxite, the manufacture of ferro
alloys and calcium carbide, and the production of synthetic nitrogen compounds, are the most
important consumers of powers in electro-metallurgical works, and the power stations which are
used for these purposes usually vary from 20,000 to 100,000 h.p.
There is tendency now to remove these factories to more inaccessible waterpowers, as the market
for electricity for motive power is increasing so rapidly that these industries cannot afford to pay the
price offered for mechanical power in the more populated districts. On the other hand, interconnection of numerous power stations may result in large blocks of surplus power becoming
available at low cost, which may result in the establishment of certain electro-metallurgical
industries, where power is generated from fuel, if operation of the works can be arranged to be
adjusted to take advantage of peak loads.
The first melting furnaces were used commercially in about 1900, and the melting of steel engaged
the attention of Héroult after he had perfected his aluminium and ferro-alloy smelting furnaces. He
was a great pioneer in electro-metallurgy, and a man of great foresight and courage.
He despised experimenting with electric melting furnaces on a small scale, and he invariably used
not less than 100 k.w. for the smallest experiments. One of the earliest furnaces we constructed
together in California for the smelting of iron ore, and the features of this installation were
somewhat typical of Héroult and his way of working. This furnace, built in an inaccessible place in
the wilds of N. California, was of 2,000 k.w. capacity, and the power supply to the transformers was
33,000 volts. At that time our electrical knowledge was much less than that of the present day. The
highest voltage in transmission lines was only 30,000 to 50,000 volts, and our knowledge of eddy
currents very limited. This type of furnace has now been developed to sizes of 8,000 to 10,000 kw.
Historically, the development of electric furnaces passed through three stages.
Laboratory experiments of Siemens and Ferranti demonstrated the principles of heating by the arc
and by induction.
Moissan in France published his remarkable metallurgical researches which were based on the new
facilities to work at high temperatures in controlled atmospheres, which were only possible by the
use of his new electric furnace.
The commercial development followed. Héroult first discovered the modern method of making
aluminium, which gave a new metal to industry at a reasonable price. He then developed his arc
furnace for carbide, ferro-alloys and steel, and at the same time Stassano was working with the

indirect arc, and Kjellin with the induction furnace. For fifteen years these furnaces were used for
steel and metals of high melting point, and it was only after 1914 that the induction furnace of the
Wyatt type was generally adopted by the non-ferrous trades, and in the last three or four years the
high frequency Northrup furnace has become available.
From the romantic beginnings twenty years ago, we must turn to consider the present scope of
electric melting and heat treatment, and the less romantic little furnaces of the non-ferrous trade. I
propose to describe the various melting and heat treatment operations to which electricity has been
applied, and some of the factors which have to be considered when deciding whether to use
electricity or not.
In the case of brass melting for casting strip for rolling mill work, and billets for extrusion presses,
there is no doubt that induction furnaces such as the Ajax Wyatt type should be used wherever the
production of brasses of different quantities is sufficient to keep a furnace operating 12 hours per
day. The minimum output for a normal 60 k.w. furnace working 60 hours per week would be 15 to
16 tons per week, and a similar furnace working for 120 hours should produce 30 to 34 tons. The
output depends largely upon the casting methods used. In some works, 12 minutes or more may be
occupied in casting and feeding a number of small strip moulds, while a whole furnace may be
teemed into a single water-cooled mould in one minute. Thus, a difference of ten minutes per cast
may make a difference in production of nearly 8 ton per day. This type of furnace is very
economical in power consumption and has been generally adopted throughout the world as standard
equipment for rolling mill and extrusion brass.
The value of this furnace has recently been proved by several years’ successful operation on nickel
silvers and phosphor bronzes of various composition, but in the latter case linings of special
composition and manufacture are essential for a long life. This furnace, however, is now the most
economical method of melting nickel silver.
The following figures of the cost of manufacturing nickel silver by the coke and electric furnace
respectively are submitted for discussion or argument.

These figures show a saving of 18/3 in favour of electric melting. Unfortunately, there are only a
limited number of firms who have sufficient output to keep an electric furnace operating fairly
regularly, and consequently the necessary capital expenditure is an obstacle in the case of works
where output is small and production intermittent.
The melting of nickel, and alloys containing over 33% of nickel, should be carried out in a high
frequency electric furnace, and great improvements in the rolling and drawing qualities of these
metals have been effected since this method of melting was introduced. The best metal is made in
furnaces having linings free from plumbago and the new patented form of fritted lining is giving a
long life and metal of exceptionally high quality. The normal life of such a furnace lining is 180 to
250 heats, when melting alloys containing 50 - 80°% of nickel, and thus the cost of linings is
reduced to less than 2/- per ton, as compared with a crucible cost of many shillings per ton.

It would be interesting to know the opinion of Birmingham metallurgists as to the reason why
plumbago crucibles in electric furnaces give unsatisfactory metal. We have our ideas on the subject
but have not yet carried out the necessary work to prove our hypothesis.
The melting of copper is being carried out in electric furnaces, and a great improvement in drawing
qualities results.
Furnaces of granular carbon resistor type in which the heat is reflected from the roof are used for
this purpose and also high frequency furnaces. These are advantageous for the melting of scrap and
refining operations, but it is not likely that the electric furnace will replace the large reverberatory
furnaces used for the refining of virgin copper.
The Arc Furnace, which finds such wide application in the steel trade, is but little used for nonferrous metals, though a few arc furnaces are in use for melting rich nickel alloys, and the indirect
arc is largely used in the U.S.A. in rocking furnaces for melting bronzes and in the brass foundries.
In the former case high frequency Northrup furnaces are tending to replace arc furnaces. In this
country the majority of brass foundries are either small establishments where the capital
expenditure for electric equipment is a serious item, or else the foundries work intermittently and
require very large castings. This is especially the case in our shipyards, where it is not considered
economically possible to erect the large electric furnaces necessary for such castings as large
propellers, because the capital expenditure is very high, and the work would be very intermittent.
Furthermore, in the case of bronze the advantages of electric melting are comparatively few.
I have described briefly the present position of electric melting furnaces and propose to show a few
installations of furnaces for this purpose.
A wider field of usefulness for electric heating is found in the heat treatment of metals, but this has
not been so widely developed as melting, though it affords equal opportunities for the useful
application of electricity. The advantage, however, will be more an improvement in quality, giving
an indirect saving in cost of manufacture, but unfortunately this is not as attractive or as easy to
demonstrate as the definite reduction in prime cost and improvement of quality, which can be easily
established with many electric furnace melting problems.
In considering heat treatment furnaces, the designer must balance many considerations. The cost of
power and the schedule of working will determine the amount that should be spent on insulation.
There is an optimum lagging for any cycle of operations, and these must be considered by the
designer and purchaser when considering offers of furnaces, as insulation is a serious item in the
cost of this equipment.
It may be of interest to state the way in which the cost of a simple highly efficient box type
annealing furnace is made up.

From the above figures the high cost of insulating material and the low cost of nickel chrome wire
and electrical instruments is striking, and this probably accounts for the fact that in the United

States most large furnaces are built by furnace specialists and not by manufacturers of electrical
equipment. In this country many types of resistance furnaces are in operation in addition to the
single box type of furnace used in tool rooms and for simple heat treatment and carburising
purposes. It is impossible to develop any furnace suitable for all purposes, and for almost every
metallurgical operation special equipment must be designed.
There are certain characteristics of electric furnaces as compared with gas or coal fired equipment,
and these are cleanliness, accuracy of temperature control, and freedom from noxious gases.
Temperature control is especially easy because the source of heat is so little different from the
working temperature, whereas flame temperatures are invariably high. Furthermore, there is no
volume of gas or products of combustion passing through or near the working hearth. The heat is
especially easy to control when accurate low temperatures are required for the heat treatment of
aluminium alloys at 525°C., for example.
But with electricity, the heat unit is expensive, and it must be applied with due consideration of this
fact. Consequently, all boxes and conveyor parts must be reduced to a minimum weight, and the
wasteful heat losses, which are characteristic of many fuel fired furnaces, cannot be tolerated if
electric heating is to be economically possible. Consequently, a great improvement in design of
these furnaces has been made, and it is interesting to note the attention now being paid by gas
furnace engineers to the methods adopted to justify the use of electric heat.
In considering the use of electricity, a few fundamental figures should be considered. If a unit of
electricity costs ½d., and town gas costs 2/- per 1,000 cu. ft., the electrical unit of heat is about three
times more expensive than gas, and its use is only justified when it can be more economically
applied, or where gas is objectionable for other reasons.
Firstly, improvements have been made in heat economy by a very careful study of insulation, both
as regards metal structures and brickwork, and the elimination of heat losses by careful design of
doors. Secondly, furnaces of the rotating hearth type are largely used for small parts. Thirdly,
recuperation by heat exchange in inter-communicating heating and cooling chambers is practised to
a considerable extent with satisfactory results, and, lastly, double way working, sometimes called
the contraflow principle, is used in tunnel kilns, and has been suggested for continuous strip and
wire annealing.
In addition to the above general principles, water-sealed furnaces have been used for bright
annealing, and furnaces arranged: for working in atmospheres of special gas have been used, either
for treating wire continuously, or boxes of stampings, coinage blanks, etc.
The methods of heating successfully applied are nickel chrome resistors in the form of wire strip or
cast grids for temperatures below 1,000°C., and resistors of glazed graphite or complex mixtures of
silicon carbide with silicon and other ingredients for temperatures above 1,000°C.
It is often necessary when applying electric heat, to modify radically the method of annealing or
heat treatment, and thus it is probable that the continuous strip annealing furnaces will be applied
generally to brass instead of endeavouring to build box type furnaces to follow the old custom of
annealing in coils. A number of these continuous strip furnaces are giving complete satisfaction in
Continental brass works, and it seems that Birmingham manufacturers would be wise to consider
this question, if they wish to produce better strip, and are prepared to pay a little more for the
annealing process, in consideration of savings in subsequent operations, and improvement in
quality.

Probably the most efficient heat treatment process is the Snead tube annealing machine, which
however, is only applicable to rods or tubes. With this apparatus the heating period for a tube is only
3 to 4 seconds, and the power consumption less than 50 units per ton for normalising brass tubes,
but the apparatus has certain limitations to its application.
This machine consists of a bench about 25 ft. long on which are mounted two clamps or jaws for
holding the tubes. Pressure is brought on to these by two solenoids, and they are shaped to fit the
tube. They are composed of a metal of suitable conductivity and heat resisting properties. One
clamp is fixed at a point on the bench convenient for the length of tube to be treated, and the other is
on a carriage equipped with wheels on ball bearings. Each clamp is connected to one terminal of a
transformer, giving a current of about 6,000 amps at 20 to 50 volts. This transformer is controlled
by a contactor switch which may be operated by hand, or automatically from the control dial. To
operate the machine a girl rolls a tube into position on the jaws and depresses a pedal. This makes
the solenoids close the jaws and the heavy current passes through the tube as the contactor switch is
automatically closed immediately after the jaws are firmly holding the tube. As this heats, it
expands, and the carriage is pushed forward by the expansion of the metal. The extent of this
movement gives an absolutely correct thermometric determination of the temperature of the tube.
The dial indicates the extent of this movement, and an adjustable finger makes contact with the
pointer when the desired temperature is reached, the main contactor switch is automatically tripped,
the solenoids automatically loose the tube, which is rolled down a slope to the bench below.
The whole operation is completed in 4 seconds, and, in certain American works, the next tube is
ready within another 4 seconds, so the complete round of work is said to occupy only 8 seconds.
This exceptional rapidity accounts for the low energy consumption, for all heat losses are a function
of time, which in this case is reduced to a minimum. In a European works an average working hour
produces 200 annealed tubes at a cost of 45 k.w.hrs. per ton.
Another method of annealing brass tubes, which is being successfully applied on the Continent, is
that of a side charged electric annealing furnace. A typical installation consists of a furnace of 240
k.w. capable of annealing one ton per hour at 600°C. at an expenditure of 127 units per ton. This
furnace is 7 metres in length and has a flat roof. It is heated in floor and roof, and equipped with
electrically operated, specially designed quick-acting doors and charging machine.
Another simple form of furnace of 160 k.w. capacity is used for annealing brass sheets from 2.5 to 5
mms. thick in bundles, In such a furnace, working at 600° to 660°C., the power consumption is 120
kw.hrs. per ton, but in this case, there are no recuperative features.
A similar furnace used for heating brass billets requires 120 k.w. and a power consumption of 120
k.w.hrs. per ton, but this cannot generally be recommended as an operation for electric heating,
unless there are advantages to compensate the extra cost of heating as compared with gas.
The decoration of pottery in a continuous double way kiln heated by electricity has recently been
developed in Staffordshire to a degree of efficiency which has probably been unequalled in other
countries, and I propose to describe this kiln shortly, as it presents features of interest, and
incorporates the contraflow principle of working.
Many British potters specialise in a very high quality of work, and this kiln was constructed for the
final enamelling of decorated china and earthenware, which is an operation requiring very careful
and graduated heating to avoid “spit out” or “frizzling.” Ventilation control and means of varying
the heat distribution for different colours and quality of ware are incorporated in the design, while
the pushing mechanism is provided with speed variation gear capable of giving a wide range of
operating time.

The kiln consists of a two-way tunnel having 24 wagons moving on each track in opposite
directions, so that the hot ware warms the cold ware entering. This heat is economised, and gradual
heating is obtained, by the contraflow principle.
The kiln is 103 ft. in length and has a central heating zone, which has nickel chrome wire resistors
in recessed bricks at either side of the tunnel, and also in a central wall or division, so that each line
of bogies carrying the pottery is heated on either side. A uniform or controlled heating effect can be
obtained throughout the mass of ware in the bogie by the arrangement of the resistors. These apply
the heat where it is required, both longitudinally and vertically, and the distribution of heat can also
be varied by altering connections on the outside of the furnace when slight differences of
temperature are required to fire different colours or qualities of ware.
The whole kiln is controlled by automatic instruments within narrow limits, but, owing to uniform
nature of operations, it is only necessary to have the automatic control on a part of the heating
elements. Thus, a remarkably high load factor of over 90% is available, with the result that the cost
of power is reduced to the lowest possible rate, which in the Stoke district reaches a very favourable
figure, and the cost of electricity is only a fraction of the cost of fuel previously used, while the
great risk of loss through contamination by flue gases is entirely removed, and other troubles
avoided.
The trucks are pushed through the furnace by an electric propelling gear operating at a speed which
can be varied, with wide limits, to meet the potters’ requirements. To control the operation of the
kiln a series of signal lamps are provided to indicate when the men at each end of the kiln are ready
to withdraw and load trucks. Limit switches are provided to prevent the pushing mechanism overtravelling.
The general result of this application of electricity is startling in the economy effected, and the
general improvement in the conditions for the workpeople, and reduction in seconds and damaged
ware.
Another example of annealing non-ferrous metal is the three-chamber furnace, in which one
chamber is used for heating, and two are used for heat recuperation and exchange. The furnace
shown is of 100 k.w. capacity and consists of a heating chamber 15 ft. in length, capable of heating
a 25 cwt. charge of aluminium. Accuracy of temperature control is of fundamental importance in
the heat treatment of aluminium and its alloys, and this furnace combines a high degree of
efficiency with accurate temperature control. When operating this furnace, the bogie top with the
hot charge is put in a heat transfer chamber with the cold charge, and about one-third of the sensible
heat is recuperated in this way. It is important that all bogies and charging mechanism shall be
especially designed for electric furnaces, as the heavy and wasteful bogies which are tolerated in
most fire heated furnaces would be inadmissible in electric furnace practice.
In addition to accuracy of heat control, low labour costs, smaller space for equal output, low
maintenance cost, and the reduction or elimination of annealing boxes are features of this type of
equipment.
Another furnace used for the heat treatment of aluminium alloys is a pair of box type furnaces, each
rated at 55 kilowatts, when used for this work at low temperature, or 120 kilowatts if used for high
temperature heat treatment or carburising operations.
The reduction in rejected parts is a striking feature when comparing this furnace with similar fuel
fired furnaces.

Another advantage lies in the possibility of switching on the furnace at any time, before the day
shift commences work, by automatic time switches. Thus, the furnace can be heated to working
temperature by the time the men come to work.
Rotating hearth furnaces may also be used for the heat treatment of small parts.
Another system of annealing, which is of special interest, is the continuous annealing of wire and
strip. Attempts have been made to heat wire by resistance, the current being passed through the
wire. This, however, has not found general application, owing to difficulties of passing the current
from the rollers to the wire without overheating and damaging the wire. Inequalities in the
conductivity of the wire may also produce uneven heating and irregular results.
Water-sealed furnaces are used for the bright annealing of copper wire and these consist of vertical
cylinders heated by resistors. The bottom is closed by a water seal, through which the furnace is
charged. The advantages of electric heating in this case are not so marked, as coils of copper wire
can be satisfactorily annealed in machines of the Bates-Peard type.
The continuous annealing of special wires is carried out on a large scale, where special atmospheres
are required, and a high quality of product is made.
A large battery of furnaces, each consisting of a unit of 45 k.w. capacity, 12 ft. in length, heated by
cast nickel chrome resistors, has been in operation for several years in London. The cross section of
the chamber is small and contains 8 to 10 nickel chrome alloy tubes, having an internal dia. of
§inch. A neutral atmosphere is maintained in these and the complex wire is wound continuously
through the tube and can be annealed at any required temperature between 650° and 850°C. by
automatic control in an atmosphere free from air. Furthermore, this furnace can be divided into two
zones giving different heat treatment in each.
The annealing of brass strip has been effected experimentally by heating coils by induction. This
method has been found less advantageous than resistance furnaces for continuous strip annealing.
This may be carried out either in a sloping or horizontal furnace, but the latter is quite satisfactory
and less complicated. The strip is allowed to pass in a loose catenary form through the furnace, and
the tension is so regulated that all stretching is avoided. The resulting brass strip has a very fine
finish and subsequent cleaning operations are reduced to a minimum.
The above particulars relate to furnaces for melting metals or heat treatment operations at
temperatures below 1,000°C. Sometimes furnaces are required to operate at higher temperatures,
such as 1,100° to 1,200°C., and at present no metals are available which are suitable for resistors
capable of giving these furnace temperatures, though it is to be hoped that suitable alloys will be
made in the future. For these high temperatures, resistors of graphite, or silicon carbide impregnated
with silicon, must be used.
For glossing kilns used in pottery works, large resistors absorbing about 25 k.w. have been
successfully made by the Morgan Crucible Company, and these have made possible large tunnel
furnaces for the “Glossing” of pottery. They consist of plates about 7 ft. long, 12 to 14 inches wide,
and one inch thick, composed of clay graphite mixture, which is covered by a glaze, which is
carefully burnt on. At either end the plate is thickened and the cross section increased, so that
sufficient body is available to screw in a graphite electrode through which the heavy low-tension
current is led into the resistor through a water-cooled metallic terminal lug.

These resistors, which may be worked in the vertical or horizontal position, have to be removed
occasionally, but they have made possible large tunnel furnaces for operating at 1,100°- 1,200°C.,
and there is no doubt that they can be usefully applied for the heat treatment of the nickel-chrome
iron alloys which require high temperatures to obtain the maximum softness.
Another method of building high temperature furnaces is by the use of resistor rods made of
carborundum and silicon mixture. These furnaces should be provided with autotransformers, as the
resistance of the rods varies with the time they are in use, and temperature regulation can only be
achieved by this means. They have the disadvantage of fragility, but some furnaces of this type are
giving good service.
Very high temperatures can be obtained by induction, but the control of such furnaces for heat
treatment presents some difficulties at present.
I have endeavoured to give some idea of the present scope of electric melting and heat treatment,
and I think it will be generally agreed that metallurgists will gradually be forced to adopt this
system of heating.
Electricity is a great welfare worker. The smoke and grime of the pottery district is to a great extent
unnecessary. The industry will realise this, quality will improve, costs will be reduced, and the
workpeople will soon no longer be willing to work under the old conditions.
The crucible furnace is being rapidly replaced in all the non-ferrous trades. Small motor-operated
tilting gears and carefully designed moulds and casting equipment are taking the place of the
barbarous work formerly done by casters, with much sweat, in a terrible smother of zinc oxide and
other fumes.
Tests and specifications of great severity are being accomplished in the case of aluminium alloys,
with the help of the electric furnace, which a few years ago would have been unattainable by
manufacturers.
Reorganisations of many works to the principle of “Straight Line,” manufacturing is becoming
possible, where the cleanliness of electric furnaces enables them to be used in machine shops, and
the isolation of heat treatment or brazing departments is no longer necessary.
The continuous annealing of strip in furnaces having no chimneys and flues, no waste gases or
ashes, and no necessity for coal bunkers for storage, enables a steady stream of metal to flow
through the works and avoids the check of production which is inevitable with batch annealing in
fuel furnaces. Thus, stocks in process are reduced and profits increased.
Control, cleanliness, and continuity of operation, coupled with improved labour conditions, quality
and high efficiency enable the electric furnace designer to offer the works engineer a new vista in
the design of modern metallurgical works.

ELECTRIC FURNACE DEVELOPMENTS
P, F. Hancock, B.A., F.LM.
Chief Engineer, Birlec Ltd
(A Paper given to the Birmingham Metallurgical Society on 23rd January 1958.)
The introduction of electric furnaces as an industrial tool began some fifty years ago. The type first
put to commercial use on any scale was the arc melting furnace, the earliest example of which dates
from the first decade of this century. Resistor furnaces for heat-treatment operations came a little
later and received some impetus to development during the First World War. Induction furnaces of
both channel type and coreless type followed in the 1920s.
However, the major development has taken place during the last 25 - 30 years, during which time
the total connected load of electric furnaces in this country has grown from a negligible amount at
the beginning of the period to something in the region of 1,500,000 kW at the present day. Of this
latter total, about three-quarters may be accounted for by heat-treatment furnaces and the remainder
by melting equipment.
The early acceptance of electric furnaces in certain fields was associated with two technical
features, which are common to all types. First, the source of heat is independent of any combustion
process, so that the furnace atmosphere may be made oxidizing, neutral or reducing at will, and
there is no contamination of melt or charge by unwanted combustion products. Secondly, the heat
input and the temperature can be controlled with a high degree of accuracy and reproducibility. In
addition, with certain types, higher temperatures may be reached than are possible or convenient
with fuel-fired equipment. On the other hand, the cost of electric power at the time in question
compared unfavourably in terms of pence per B.Th.U. with alternative fuels, except in those
countries or localities where hydroelectric power was available. This higher fuel cost was only
partly balanced by the greater efficiency of electric furnaces.
Thus, the classical applications of electric furnaces generally were to the manufacture or treatment
of high-quality products, where fuel costs were not the prime consideration, but where one or more
of the technical features referred to above were of overriding importance.
In recent years, however, the economic trend has been such as to narrow the price gap between
electric power and other fuels. For example, power to-day costs on average no more than 1.2d/kWh,
against 0.5d. - 0.6d. in 1939, whereas coal and fuels derived from it have more than trebled in cost
in the same period. This, in turn, has opened the way for electric heating to compete on purely
economic grounds in the production of common quality materials.
To illustrate this point, let us consider the cheapest metallurgical product, namely, ordinary cast
iron, which at present is almost universally melted in the cupola. A recent analysis has shown that
when the cost of power is such that 3,670 kWh can be obtained for the price of one ton of foundry
coke, electric melting will be cheaper in fuel costs than the cupola. At present prices in this country
(1.2d/kWh x 3,670=£18 7s. 0d., 1 ton foundry coke=£10-£11), this point has not yet been reached,
but it may well be approached in a few years’ time.
As far as can be discerned, future trends seem likely to accentuate this situation. At present, the cost
of combustion fuels continues to rise at a more rapid rate than electric power from conventional
sources. If, as a result of the advent of nuclear power on a large scale in ten to twenty years’ time,
power costs should show a marked decrease, as has recently been predicted, then the use of electric

heating in metallurgical processes may well become mandatory rather than merely alternative (at
any rate in this country).
The economic factors relating to the past development and present utilization of electric furnaces
have been discussed in this way, since they clearly have had, and will have, a major influence on
their application. However, this should in no way be allowed to minimize the technical
developments in both design and application which have simultaneously been taking place, and
which are also contributing to their increased use.
Against this background, it is intended to look at various categories of electric furnaces and to see
along what lines development is taking place,
Direct Arc Furnaces
Among electric melting furnaces, the most important type, from whatever aspect viewed, is the
three-phase direct arc furnace, as employed for steel making. As already mentioned, it was
originally developed by Héroult in the 1900s, and found its first use as a replacement for crucible
furnaces in the production of tool steels. Later, its use was gradually extended to the making of all
types of alloy steel, stimulated in the first place by the demand for such steels for armaments during
the First World War. Later, it came also to be accepted as a desirable alternative to the Tropenas
converter or the open-hearth furnace for foundry purposes. These remained its principal
applications during the inter-war years. It was not at this time seriously considered as a competitor
to the basic open hearth for the making of common quality steel ingots on a tonnage basis.
During this period, also, the basic design became stabilized as a three-phase unit, with three vertical
symmetrically placed electrodes depending through the roof, fed from a heavy-duty transformer
with multiple voltage taps and incorporating sufficient reactance to prevent excessive current
surges. A removable roof, operated by a hydraulic lift and swing-aside mechanism or a travelling
gantry, to permit quick charging and facilitate lining repairs, and some form of automatic electrode
control also became standard features. The largest units were generally of the order of 20-25 tons
capacity.
In more recent years, during and since the Second World War, there has been no fundamental
change in design, although many detailed improvements aimed at better control and increased
output have been made. Such features include more sensitive methods of electrode control, on-load
tap changing, higher power ratings and additional water-cooling of vulnerable parts of the furnace
body.
Of most interest, however, has been the very marked increase in maximum size of unit, the largest
now operating in the U.S. being commonly referred to as a “200 ton” unit, though in terms of long
tons and British practice it would be more accurate to regard it as of 150 tons capacity (24 ft. 6 in.
shell diameter). Simultaneously, and to some extent inter-related with this trend, there has been an
increased use of the arc furnace for production of ordinary quality steels. This is best illustrated by
some figures relating to U.S. practice. In 1939, the production of electric steel was 920,000 tons, of
which all but a small proportion was of alloy and tool steels. In 1955, it was 9.6 million tons (8.6%
of total steel production) and of this amount, significantly more than half was of plain carbon
quality.
At present, arc furnaces for common quality steels are established for cold metal practice only,
using the single slag process in a basic lined furnace, with scrap forming the bulk of the charge. Hot
metal practice, with liquid iron from the blast furnace forming part of the charge, has been tried
experimentally on a fairly large scale but cannot be said yet to have been fully proved.

The economic factors which have governed this development are two-fold. First, the electric plant,
taken as a whole, is lower in capital cost than open-hearth plant of the same annual capacity (10½ :
17 for production of half million ingot tons/year). Secondly, direct operating costs are lower, arising
mainly from the ability of the electric furnace to utilise low grade, bulky scrap, and give a better
yield, this more than counter-balancing a slightly higher fuel cost.?
While the trend to electric melting has advanced further in the U.S. than elsewhere, the guiding
factors are similar in this country and in the principal steel-producing countries in Europe. Here, an
installation of two 60-ton (19 ft. shell) furnaces for making ordinary quality steel will commence
operation shortly and there are many other projects in an advanced stage of preparation, involving
furnaces of between 40 ton and 110-ton capacity (16-22 ft. shell).
The largest plant at present in operation in England consists of one 60-ton (19 ft. shell) and one 70ton (20 ft. shell) furnace powered by transformers of 15,000 and 20,000 kVA. respectively. It is
employed in production of all grades of alloy steels, including stainless.
The increase in size of arc furnaces has introduced no special construction difficulties, and up to,
the largest size so far built (24 ft. 6 in. shell), the basic design remains essentially the same as for
the well-known smaller units. It may well be asked whether the upper limit has been reached or is
being approached. The answer probably lies in the electrical engineering aspects of such furnaces
rather than in the mechanical construction or operational features. Broadly speaking, no advantage
is obtained by increased holding capacity, unless it is accompanied by a corresponding increase in
power; the problems of introducing power much in excess of the 35,000-40,000 kVA at present used
with the largest existing furnaces are formidable. With present knowledge and designs, the only
solution is by increasing voltage to a level (greater than 600 V) which would appear unacceptable
from various aspects, including the safety of operating personnel.
One operating difficulty does arise with large furnaces, which has led to an interesting ancillary
development. In electric furnace practice, the initially formed oxidizing slag must be removed at a
certain stage, whether preparatory to pouring, in the case of a furnace working single slag for
common steels, or before building up the refining slag in the case of two-slag operation for highgrade steels. The slagging-off is done by manual rabbling through the back door. On large furnaces,
this operation becomes very exacting for the crew, and some mechanical aid is almost essential.
The problem has been solved by the use of an electro-magnetic stirring device, which produces
gentle circulating currents in the molten bath, of direction such as to float the slag towards the
slagging door. The type at present in use employs a very low frequency alternating field, usually 4
cycle/sec., produced by a system of coils and pole pieces located beneath the furnace bottom (which
must be of non-magnetic, (i.e. stainless) steel. The coils are fed from a suitable generator and the
principle is similar to that of an induction motor.
The whole assembly is somewhat complex and costly, and it is to be hoped that a simpler and
cheaper version may be developed in due course. However, even in its present form it is justified on
large furnaces. The coil assembly for a 60-ton furnace is illustrated in Fig. 1.
When operating the two-slag process for alloy steels, the stirrer is also advantageous in the refining
stage for increasing contact between the slag and metal, and so shortening the required time for
completion of the reactions.

Induction Melting Furnaces
There are two well-known types of induction melting furnace, both established since some 30 years
ago. The first is the channel type, or core type, operated always at mains frequency (50 or 60 cycles/
sec.), of which the Ajax- Wyatt is the best-known variation. In these furnaces, a loop or channel of
V, U, or rectangular pattern extends from the bottom or side of the main chamber and is threaded by
an iron core and primary coil. The loop thus forms the short-circuited secondary of a transformer,
and must, of course, be kept filled with molten metal for the furnace to be operable,
The applications and limitations of the channel-type furnace are too well known to need
elaboration, and there has been little basic development in recent years. The main limitation to
extended use is the problem of refractory life in the melting loop, where the temperature is higher
and erosion due to metal turbulence greater than in the main bath. Considerable research is in
progress to find improved refractories for some of the standard uses in the non-ferrous field, e.g.,
the melting of pure copper, cupro-nickels and aluminium alloys. In the ferrous field, application is
limited, by the same considerations, to the lightest duty, such as holding or super-heating of cast
iron. Radical improvement in available refractories is needed before the furnace can be seriously
considered for more arduous duty, such as the melting of steel.
The second principal type of induction melter is the coreless furnace, in which the chamber, in the
shape of a cylindrical crucible, is surrounded by a helical primary coil. This furnace, first developed
by Dr. Northrup in 1925-30, has until recently always been operated at elevated frequencies, of
upwards of 500 cycles/sec., and, in fact, has often been called the “high frequency” furnace. It is an
excellent furnace for straight melting operations, i.e., where no slag refining operations are required,
and is regarded as the ideal unit for high quality materials for which contamination must be kept to
a minimum. Commonly used sizes range from a few lb. in capacity up to about one ton, though a
few larger units have been built. The main obstacle to wider use has been the high capital cost,
resulting from the need for an expensive motor-generator set and associated electrical equipment for
frequency conversion.

That the coreless induction furnace could be operated at mains frequency has been recognized since
the early days of its introduction. But certain difficulties or disadvantages, with regard to both
construction and operation were thought to make it impracticable. However, in the event, these
difficulties have proved surmountable and, following intensive development over the last eight
years, particularly in Germany, the mains frequency furnace has become firmly established.
Something over two hundred installations are operating or under construction, of which more than
thirty are in this country. Capacities range from 15 cwt. to 20 tons, and power ratings from 1501,500 kW. Higher powers up to 2,250 kW. are available for capacities upwards of 8 tons.
Elimination of the costly frequency-changer results in the capital cost of a mains frequency
installation being only one-half to two-thirds of that of a high-frequency furnace of equivalent
capacity and power rating. This is in spite of the heavier and more expensive capacitor bank
required for power factor correction at 50 cycles/sec., as compared with high frequencies.
The expected difficulties with the mains frequency coreless furnace, referred to above, were
threefold. First, due to the inverse relation between field penetration depth and frequency, there is a
lower practicable limit for furnace chamber diameter, which limits the minimum capacity to about
15 cwt. (iron). At smaller sizes, the efficiency becomes unacceptably low, and there is difficulty in
getting adequate power into the charge before it is fully molten. In practice, even with sizes of 15
cwt. and upwards, it is desirable to start from cold with a solid plug forming part of the charge. For
subsequent heats, a heel of molten metal may be left in the furnace.
Secondly, since the number of ampere-turns in the furnace coil required for transmission of a given
power to the charge increases as the frequency is lowered, the electro-magnetic stirring effects in
the melt also increase, and, it was thought, would result in an unacceptable degree of turbulence in
the melt. This difficulty can be minimized by correct choice of coil dimensions and positioning of
the coil relative to the charge, but it remains a real one, setting an upper limit to the power rating for
a given size of furnace. Provided this limit is not exceeded, however, the powerful stirring effect
can be put to good use in certain applications, as will be referred to later, and in others is not
objectionable, as might be expected. There is also little adverse effect on lining life.

The third difficulty is one of construction. Due to the high coil current, there are strong vibrational
forces set up in the coil itself, and extremely rigid construction is necessary to ensure satisfactory
operation (Fig. 2). The coil is tight-wound of special section heavy copper tubing and is clamped
end-wise in a framework of which longitudinal lamination packs form part. These packs also
confine the electrical field and permit a rigid steel case construction without unwanted stray heating
effects.
So far, the M.F. coreless furnace has found its largest application in the melting of cast iron,
particularly the reclamation of borings, for which purpose the powerful stirring is of considerable
advantage, ensuring quick melting with minimum oxidation. Advantage is also shown in the
manufacture of synthetic irons of high purity from steel scrap, recarburization of the melt being
effected with extreme rapidity and efficiency up to any carbon level required in normal practice.
This technique is of especial value in the production of S.G. irons. Refining operations are also
practicable, e.g., desulphurization may be effected by the addition of powdered calcium carbide to
the surface of the melt. The possibility of phosphorus removal by somewhat similar methods, using
lime and iron oxide additions, is also being investigated, with promising results.

The reclamation of scrap, particularly turnings, borings and other finely divided material is also
being practised in the copper-base and light alloy fields. Shown in Figs. 3 and 4 are a 320 kW. 1½ton furnace for gunmetal, cupro-nickel and other copper alloys, and a 200 kW. 12-cwt. furnace for
aluminium alloys. A special furnace, of large capacity up to 20 tons, has been evolved to meet the
requirements of casting ships’ propellers; the first example of this furnace will be commissioned
shortly.
Perhaps most interesting of all, a 15/20-cwt. furnace has recently come into operation, on the
melting of high-speed and other tool steels. Gloomy predictions that steel made in this furnace
would be excessively dirty, due to the vigorous stirring effects in the melt, have not been fulfilled,
and the quality obtained in the 100 odd heats so far made has been fully up to standard. The
successful invasion of one of the traditional fields of application of the high frequency furnace
suggests that the latter may well be superseded, at any rate in the larger sizes.
The unusual success of the M.F. furnace in such a short period since its introduction, and in so
many diverse fields, seems to indicate that it fills a real need and represents a development of the
first importance in electric furnace practice.
Induction Heaters
In considering developments in induction heaters, it is not intended to give attention to such
applications as surface hardening, local heating, or brazing, which have been very fully described
elsewhere, but rather to concentrate on the larger scale bulk heating uses, particularly the heating of
bars, billets, blooms and slabs for hot working.
Advances here in recent years have been connected, as in the case of induction melting, with the
development and increasing use of units operating at mains frequency (50 or 60 cycles/sec.). The
reasons for the late arrival of mains frequency induction heaters are to some extent similar to those
affecting the coreless induction melting furnace, with, perhaps, greater emphasis on the minimum
size factor.
For solid bar, or sections, these minima for different metals are approximately as follows:

Below these sizes, efficiency of heating at 50 cycles/sec. falls to unacceptably low levels. The
method is, therefore, confined to fairly large-scale operation, for which electric heating would not
have been seriously considered until comparatively recently.
The difference in minimum section for ferrous alloys in the magnetic and non-magnetic states
should be especially noted, since this permits an approach to the heating of steel sections
intermediate in size between these limits, i.e., 1 in. - 6 in., which shows some advantage over simple
high-frequency heaters. The technique is to preheat the billet up to the region of magnetic change,
say 600-650°C., in one coil powered at 50 cycles/sec., and then transfer it to a second coil powered
at a suitable higher frequency, say 1,000 cycles/sec., for final heating to the working temperature of
1,200-1,250° C, By these means, the size, power and cost of the high-frequency generator
equipment required are roughly halved, with a notable corresponding reduction in the total capital
cost of the installation.

In the case of a continuous billet heater of the usual pusher type, the 50 cycles/sec. and highfrequency coils are placed in line, the billets passing successively through them, and the coil lengths
being adjusted so that transfer from the one to the other takes place when the billets have reached
the appropriate temperature. An example of a “dual frequency” heater of this kind, rated at 400 kW.
total, is illustrated in Fig. 5. It is employed for forging billets of 3 in. and 4 in. section, and has a
nominal production of 1 ton/hr.
As already indicated, the minimum steel section which can be efficiently heated to full temperature
at mains frequency is about 6 in. No installations of this kind are yet in operation in this country.
Various projects for the heating of blooms, slabs and ingots are, however, under consideration, with
power ratings ranging from 2,000 kW. upwards, some of which will, doubtless, be implemented
within the next few years.

In the non-ferrous field, numerous installations are now in operation for the heating of aluminium
alloy extrusion billets, mostly ranging in power between 150 and 1,000 kW., and this application
can be regarded as well-established, at any rate for certain classes of alloy. There is one unit of 300
kW. in operation for heating pure aluminium slabs for rolling (Fig. 6). A similar 400-450 kW. unit
for heating high-strength light alloy slabs for rolling will come into operation very shortly. The
latter will be on an experimental basis, since the permissibility or otherwise of rapid heating,
without soaking or homogenizing, for various categories of light alloys is still an undecided
question. Additionally, there are several installations for heating of copper, brass, and cupro-nickel
extrusion billets, and consideration is being given to the heating of copper wire-bars by this method.
The potential advantages of induction heaters, as compared with conventional reheating furnaces of
either fuel-fired or electric resistor type, lie in the small floor space they occupy, and in the ability to
start up and shut down at short notice, so eliminating stand-by heat losses and improving overall
efficiency. In the case of steel forging billets, the reduced amount of scale, resulting from quick
heating, is an additional advantage.
Their present state of development is such that they can appropriately be considered for applications
such as have been described, but there is still much scope remaining for their improvement and
refinement.

For example, the problem of temperature control cannot yet be said to have been solved in a
satisfactory manner, particularly for steel and other alloys requiring high temperatures. Since, in an
induction heater, only the workpieces come to full temperature, the main problem of control
resolves itself into one of accurate measurement of the workpiece temperature. For aluminium
alloys, the “two-prong” thermocouple gives acceptable results, but, requiring as it does good
electrical as well as thermal contact, it is unsatisfactory on alloys which form scale at the required
top temperature, e.g., copper-base alloys. For the latter, a “single-prong” thermocouple, i.e, one
having a normal welded junction - which thus requires only good thermal contact—suitably shaped
to press firmly against the workpiece surface, gives reproducible, if not absolutely accurate
measurement. For steel, and other alloys requiring temperatures of the order of 1,150-1,250° C.,
only radiation pyrometers appear potentially suitable. But no solution has yet been forthcoming for
eliminating the inaccuracy occasioned by loose scale on the steel surface,
Another problem relates to the operation of such heaters under stand-by conditions. Taking the case
of extrusion, plainly the heater should be capable of delivering a heated billet whenever the press is
ready to accept it, regardless of occasional delays for changing of tools, clearance of “stickers’’ or
the like. But with the usual form of continuous pusher type heater, in which a row of billets is
progressed through a coil having uniform power distribution and simple on-off temperature control
actuated in response to the temperature of the end billet, this is not always achieved. When the
delivery of billets is stopped and the row of billets remains stationary in the coil, the normal
temperature distribution along the length is upset and, on resuming operation, regular delivery of
billets at the correct temperature may not be obtained. One suggested solution 2 is to grade the power
input along the length of the coil under stand-by conditions in approximate relation to the rate of
heat loss from each billet, so as to maintain the normal temperature distribution, at any rate for a
limited period.
These are some of the problems which will, no doubt, be solved as development of induction
heaters proceeds. There are also interesting possibilities of producing special heating effects,
obtainable only by the induction method, such as the “taper heating” of extrusion
billets3 recently proposed.

Resistor Furnaces
This, the largest category of electric furnaces, in terms both of number of types and of total installed
capacity, is, perhaps, the most difficult to deal with from the aspect of recent development. There
have, without doubt, been many improvements effected in design of heat-treatment furnaces, and
many new processes and applications, but most of these have been related to general construction
and methods of work-handling and not associated particularly with the mode of heating. It is,
indeed, difficult to pinpoint more than a few recent advances in technique in which electric heating
as such has been the decisive factor.
One major new application of electric heat-treatment furnaces in the post-war period has been in the
annealing of malleable castings. New processes, employing gaseous controlled atmospheres in
place of the conventional packing methods, have been developed for both the whiteheart and
blackheart varieties of malleable; one installation, for blackheart, comprises 4 furnaces with a total
input of 3,000 kW. In this country, almost all the furnaces installed for these purpose have been
electrically heated, but it must be noted that parallel developments in Germany have mostly used
furnaces heated by gas-fired radiant tubes. In other words, the use of electric heating in this country
has been governed to some extent by economic rather than by technical considerations.
Another class of heat-treatment, in which great developments have been made, includes gas
carburizing, carbo-nitriding, and related processes in which atmospheres of controlled carbon
potential are employed. Where such atmospheres contain significant amounts of hydrocarbon gases,
exposed electric elements of the conventional types are generally unsatisfactory, on account of
carbon deposition rendering the refractories electrically conducting and so causing short circuits. As
a result, gas-fired radiant tubes were commonly used for heating furnaces used for these processes,
except in the smaller batch type units, in which the work chamber could conveniently be formed by
a metallic retort or muffle. To enable electric heating to be employed on the larger furnaces, a new
type of element, usually called an “electric radiant tube,” has been developed. This has a spiral
element, wound from heavy wire or rod, on a refractory former, this assembly being removably
mounted inside an outer gas-tight metallic sheath, which isolates it from the atmosphere. A batchtype furnace with enclosed quench for gas-carburizing and carbo-nitriding processes, heated by this
type of element, is illustrated in Fig. 7. An alternative approach to the same problem is to use a very
heavy element, fabricated from sheet and operated at a voltage so low that carbon deposition on the
refractories does not affect its performance.

Furnaces for high temperatures, particularly when controlled atmospheres are required, are nearly
always electrically heated and there have been some notable improvements in heating elements.
Modified varieties of the conventional resistor alloys, of both nickel-chromium and chromiumaluminium-iron varieties, have been introduced capable of operating at higher temperatures and
giving better resistance to corrosive attack. There are also improved forms of silicon carbide
element. A completely new element material, usable up to temperatures of about 1,700° C., has
been recently developed, made from molybdenum disilicide with a metallic bond. Fabricated by
powder metallurgy methods, the forms in which this material is so far available are somewhat
limited, and as yet suitable only for small furnaces.
A very old form of high temperature heating element, namely granular carbon beds, has recently
been revived and used in what is a totally new application for electric heating, i.e. soaking pits for
steel ingots. This development originated in Norway a few years ago and there is believed to be at
least one installation now operating in this country. No operating data have yet been released for
publication, but one advantage is understood to be the reduction of scale losses as a result of the
partially reducing atmosphere generated by the carbon elements. This may become, in the future, a
very important electric furnace application.
Another quite new development is the use of an electrically heated fluidized powder bed for heattreatment purposes. Fluidized beds have good heat transfer properties and there are interesting
possibilities here. The development is, however, still in the early stages, and practical applications
have not yet been worked out.
In dealing with this very large subject, there have, of necessity, been many omissions. For example,
nothing has been said of submerged arc-smelting furnaces, electric furnaces for glass melting, and
many other special types. An even larger omission is of all reference to vacuum furnaces, but the
latter was felt to be too specialized a subject for inclusion in a general review. However, enough
has, perhaps, been said to give an indication of the present scope and future possibilities of electric
furnaces.
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RECENT DEVELOPMENTS IN REFRACTORIES.
C.E. Moore
(Lecture delivered to the Midland Metallurgical Societies at the James Watt Memorial Institute on
December 17th, 1935. N.P. Allen D.Sc being the chair and some 45 persons present.)
You will have seen from the circulars, which have been sent out announcing this meeting that the
aim of my paper is to provide a general view of the efforts of those engaged in the production of
refractories to improve existing materials and to develop new ones.
In considering development we must also include questions relating to costs. Mass production
methods may he considered as a form of progress equally important, although essentially different
from improvement of quality. Finally, some outline must be given of the scientific. work on
refractories to which many of the manufacturers’ advances are indirectly due.
I have not set any definite time limit, roughly speaking anything in the last ten years is included as
"recent”. As development in itself implies a gradual progress by a process of evolution you will not
be surprised that we deal more with gradual changes in the industry than with the sudden
introduction of new methods unrelated to what has been gone before.
In order to preserve a due balance between the various parts of the subject I have endeavoured as far
as possible to allot to each type of refractory material a share of the paper equivalent to the relative
importance of that material in actual industrial use. For this reason, the commoner fireclay and
silica refractories naturally occupy a considerable proportion of the whole although certain
materials may be given some additional attention on account of some particular feature of interest
attaching to them.
It may be of interest to note here the figures given in the Fourth Annual census of production made
for the year 1930 as regards various classes of refractory materials used in this country. Fire-lay
material way used to the extent of some 825,00tsons, silica brick 17,100 tons, magnesite 5,000 and
all other refractories including chromite 8000 tons. The approximate average prices per ton of the
different classes of materials were fire-brick £2, silica £4, magnesite £12 10s and other refractories
£7 10s. It is as well that these production figures and prices, or rather the general picture they
convey should be borne in mind when considering the development of the industry.
We deal first with improvements in the quality of existing materials, although we shall find that this
division of our subject leads us naturally to consideration of some of the newer materials. Some
improvements originate directly and. solely from the manufacturer, many are rather the result of the
increased severity of the demands made by the consumer. Perhaps the most obvious difference
between the fire brick of to-day and that of ten Years or more ago is in respect of accuracy of size
am shape. Modern furnace design often demands very small tolerances in dimensions for example
suspended arch blocks. In other cases, higher temperatures of operation have led to more rapid slag
attack on joints which must therefore be thinner. The demand for increased accuracy of size has
now reached the point when one or two per cent is the greatest permissible variation from a given
dimension.
This problem has been, tackled in several different ways. One method is by the use of the dry press
process of manufacture. In this process bricks are shaped by pressing a slightly moist powder into
steel dies and several factors combine to give good size and shape to the product. The water content

is much lower than in the case of plastic clay, hence drying shrinkage is lessened and with it one
source of size variation. As the material ie shaped at a high pressure and is not readily deformed by
smaller pressures there is less likelihood of the shape of the brick being altered as it leaves the press
by drag on the mould or by handling after pressing. Settling under the influence of its own weight
and warpage during drying are also rendered less easy.
The process requires expensive machinery it also produces bricks having a different type of
structure to those made from plastic clay. Harder burning is often necessary to obtain sufficient
strength by uniting the particles of clay firmly together, the result of this is sometimes to produce
too vitrified a brick which spalls readily. Recent work appears to have overcome this difficulty by
careful attention to the grading of the powder so as to obtain the maximum density. This added to
the removal of air by vacuum methods from the power during pressing gives better particle contact
so that the strength is developed at normal firing temperatures. Some manufacturers even claim that
their dry pressed bricks are superior in spalling resistance to plastic bricks.
Another, method by which size and shape have been improved is by the grinding of the finished
bricks. Some sizing by selection has long been practised and hand rubbers have also been used to
remove bulges and to straighten up brick faces. The natural sequel was the use of grinding wheels.
This has increased considerably of late years consequent on improvement in the wheels leading to
finer grinding and longer life. When sizing fairly soft bricks, remarkable results can be obtained.
For example, glazed bricks and slabs can be cut through without chipping the glaze and at least one
brand of insulating brick now on the market has all faces machine finished. The harder firebricks
are now also being satisfactorily sized by this method. It has even been proposed in America to size
all standard brick either by abrasive wheels or by wheels carrying smaller cutting wheels on their
circumferences. At present, however, standard sized firebricks would definitely not carry the cost of
this operation. A drawback to the method is the removal of the outer fired skin of the brick which,
being denser and less permeable than the interior portions sometimes plays an important part in
determining the resistance to abrasion, corrosion or the adhesion of slag.
The main portion of the improvements in size and shape, especially when considered in relation to
the quantity of material involved is to be found in the improved results obtained by the use under
better controlled conditions of methods of brick making which have been firmly established for
many years. These include the production of fire-clay bricks from plastic clay. both by hand
extrusion machine and by press, and silica bricks by hand and by pressing. With fireclay in
particular, the extended use of presses which, while not operating on a material so low in water as
the dry press, yet use a clay much stiffer than the hand moulder has led to similar if less marked
improvements in size and shape. The steel press boxes give more accurate’ shapes than wooden
moulds “as used. by the hand moulder. Stiffer clay reduces handling deformation and warpage. The
cost of the plant ii only a fraction of that of dry pressing equipment and the presses are fed with
brick shapes made either by hand moulding or by the existing extrusion machines. These shapes
have often to be partially stiffened by being given a drying treatment before pressing. It has been
found essential that bricks be all pressed at the same stage of dryness if uniform sizes are to be
obtained and some very perplexing cases of size variation have been traced to variations in the
water content of the brick going to the press, The variations obtained in this way sometimes show
what are apparently very peculiar features due to the fact that variations in water content influences
not only the size of the shape going into the press box, but also the amount of contraction which
will take place after pressing. We have not space to go into this matter in detail but may just notice
it here as one of the difficulties with which the manufacturer has to contend.
Greater care in obtaining uniformity of grinding and screening often with improved plant hat also
considerably reduced size variation, coupled with more careful control of water content. Drying
conditions have also been greatly improved and deformation in this stage much reduced. While

tunnel dryers and chamber dryers are largely used for small sizes the general practice for larger
blocks is still to use hot floors. Higher burning temperatures and more thorough burning have also
helped to produce more uniform sizes by insuring that the process of firing contraction is taken
nearer to completion throughout the bulk of the kiln product.
Having considered the size and shape of the finished brick we may now turn to the materials of
which it is composed, In the case of fire-clay bricks, as far as actual composition is concerned, the
chief change during recent years has been the growing demand for a specified_ and continually
rising percentage of alumina. To some extent this demand has been met by the selection and use of
fireclays from the deposits previously worked, in other cases it has been necessary for
manufacturers to go outside their own district in order to obtain materials of higher alumina content.
For the highest, alumina content admixtures of bauxites or of minerals of the sillimanite type have
been resorted to.
The demand for higher alumina so far as the straight fireclays are concerned, is due directly or
indirectly to several factors.
First, an increased alumina content si often associated, other things being equal, with increased
resistance to slag attack, particularly with slags high in metal oxides. Also clays high in alumina are
correspondingly lower in free silica which in two of its crystal forms quartz and christobalite,
produces certain sudden volume changes over small temperature ranges. It is thus a potential source
of cracking and spalling trouble, and the reduction of its amount to a minimum is beneficial from
this point of view. Further, fireclays sufficiently high in alumina show an increased refractoriness
over those nearer in composition to the silica-alumina eutectic at ten per cent alumina.
Similarly, with silica bricks, demand has grown for still higher percentages of silica again to escape
the vicinity of the eutectic on the other or silica side. Compositions closer to the eutectic have of
course some advantages, notably in respect of constancy of volume on re-heating in cases where the
temperature is not high enough for their lower refractoriness to be detrimental. A further change in
composition of silica bricks which has taken place to some extent is consequent on the use of clay
bonded bricks instead of lime bonded.
No significant change in the percentage of alkali fluxes in fireclay is to be observed ox expected. In
some cases, it is possible that the neglect of the weathering process under the economic stress of
competition has lead to an increase in alkali content.
Demands for lower iron oxide content of fire-clay bricks have been very prominent in recent years
This has been mainly in the case of bricks exposed to the action of reducing gases, on account of the
disintegrating effects of. deposits of carbon formed by such gases in bricks containing iron oxide.
Certain conditions are necessary if this action is to proceed, the oxide must be in the free state and
uncombined with silica and alumina, finely divided and at a temperature of 400 to 500 o C. The
demand for lower iron content can to some extent be met by careful selection of the clay from the
normal fire-clay seams. The removal of iron compounds from fire-clays other than by the handpicking method is not as yet commercially practicable. Hand picking can remove pieces of iron
carbonate or sulphide sufficiently large to be easily visible in the clay as it lies on the weathering
banks. Many devices of a magnetic character have been tried but although tramp iron can be so
removed the main bulk of the iron content is not affected, being present as non-magnetic carbonate
or sulphide.
In my opinion the importance of iron content is often over-stressed and insufficient attention paid to
the. condition, both chemical and physical of the iron oxide actually present. A well burnt brick in
which the iron has first been oxidised fully and has then ben largely fluxed or slagged will not often

give trouble due to carbon deposition. Under-burnt bricks often do not show up the iron which they
contain unless reburnt to 1400 or 1500o C.
Iron oxide is also often claimed greatly to reduce refractoriness under reducing conditions. Again, in
a well burnt brick little harmful effect need be expected. Laboratory figures obtained on artificial
mixtures should only be accepted as indicative of what will happen in a firebrick if it can be proved
that the iron oxide is in the same state in both cases.
Now let us consider some changes in the methods of manufacture which have recently taken place.
The burning of both silica and fire-clay bricks is in general carried to a stage much nearer
completion than was the case Some years ago. As a result, the volume changes, expansion with
silica bricks or contraction with fireclay are more nearly completed in the kiln and not only is
uniformity of size improved but the liability to change of size during use is greatly reduced. After
contraction and expansion have thus been definitely reduced in recent years. The resistance of silica
bricks to thermal spalling has been greatly increased by better burning. which, by conversion of
quartz to another crystal form tridymite, reduces the sudden expansion at 575 o C. characteristic of
quartz and a serious cause of cracking.
The kilns employed in the burning process have changed considerably in character. We now have in
use in the industry all types from the early intermittent round kiln to the most up-to-date continuous
kilns, both of the moving fire and tunnel types. The suitability of a particular type of kiln must
depend both on the nature of the clay or other raw refractory and on the size of the goods to be
produced. The continuous and tunnel types have undoubtedly increased in numbers considerably of
late, mainly owing to their advantages in fuel economy. speed of output and regular burning
schedule. With clays such as are largely used in this country containing appreciable amounts of
carbonaceous matter the burning of large blocks in continuous or tunnel furnaces has not proved
satisfactory. In order to obtain complete elimination of the carbon the burning schedule must be
revised to allow of a longer soaking period and since the whole throughput of the kiln is affected,
the advantages of rapid burning are largely lost. Continuous and tunnel kilns are on the other hand
very suitable for the mass production of the ordinary 9in. brick size and other sizes up to 14in. or
18in.
In recent years there has been a distinct move in the direction of smaller bricks in substitution for
the large blocks used for such purposes as blast furnace linings. The smaller bricks are pressed
sometimes in power presses, sometimes in hand presses after being first shaped by hand moulding
in the extrusion machine. Greater accuracy of size and shape and consequently thinner although
more numerous joints are thus obtained while increased ease of manufacture and burning decrease
the cost of this mass-produced product. This change is continuing today and the demand for small
units grows constantly at the at the expense of the larger blocks which cannot economically be
made except by hand unless in numbers in excess of normal requirements. Special bricks of large or
intricate shape are of course and will always be needed and the refractory industry shows a
tendency to divide into two distinct sections, one dealing with a comparatively small quantity of
high-priced specials the other with a large bulk of cheap, mass produced small bricks. The extent to
which this change continues will depend on how far furnace designers are able to use small unit
bricks to the exclusion of lager or special bricks.
Mass produced pressed bricks are often first shaped by the extrusion brick machine. The products of
this method of shaping often suffer from internal flaws and laminations. These are partly due to
entrapped air being drawn out during the passage of the clay through the machine.
The building brick trade has recently put into use a number of machines whose function is to
remove this entrapped gas by means of vacuum pumps, this known as the “de-airing” process and is

often at complete cure of delamination troubles. It is possible that the application of this process to
extruded refractory clays will overcome many of the defects of structure which such often show. As
considerable increases of density are often produced by "de-airing" it is possible that other steps,
such as grog additions, may be needed to balance this.
Now let us look at some of the refractory products which while not all exactly “recent” in. their
introduction, are in general of later birth than the original fireclay and silica materials. Also, we
must include some materials known for a long time but only recently extensively used.
Bricks composed mainly of previously burnt clay or grog have to some extent become popular of
late in this country. Provided that the grog is really hard fired graded to give a close texture and
bonded with just sufficient highly plastic refractory clay, excellent results can be obtained.
Here again drying shrinkage during manufacture is eliminated but in this case firing shrinkage is
also greatly reduced. Accuracy of size and shape and absence of internal strains in the burnt brick
are the results.
Grog bricks demand a different technique to that employed for the treatment of plastic clays. The
ground grog, preferably burnt lumps of clay as mined, has to be coated with a film of plastic clay by
making it up in the form of a slip with the plastic bond clay and water. A further addition of dry
body clay is then made, and the mixture pugged and worked, an operation demanding great care if a
homogeneous substance is to result.
Good grog bricks can show an increased resistance to load at high temperatures and also an
increased resistance to spalling as compared with normal firebrick. Absence of contraction strain,
maintenance of original texture during burning and the elimination of small internal cracks are
jointly responsible for these improvements.
The more difficult nature of the material and the consequent need for great care in mixing added to
the cost of liming the grog causes the bricks to be of higher price than normal firebrick.
Other non-plastic materials besides burnt clay have also of late been used in admixture in clay for
the production of firebricks. The Sillimanite minerals have been used to produce mixtures which are
finding a rapidly widening market. Sillimanite is a mineral composed of alumina and silica present
equal molecular ratio, one molecule of Al2O3, to one of SiO2. It is thus much higher in alumina than
clays in which the highest ratio normally met with the molecule of Al 2O3 to two of SiO2. Three are
three natural minerals of the same composition but of different crystal form, Sillimanite, Andalusite
and Cyanite. The raw mineral for use in the production of refractories is first calcined at 1,4001,500°C. and then ground ready to mix with the clay. This preliminary burning ie necessary to
complete a large volume change which would otherwise take place during burning and shatter the
bricks. The volume change is associated with the decomposition of Cyanite - Al2O3SiO2 - into
another mineral Mullite - 3Al2O32SiO2 - and free silica. Natural Sillimanite and Andalusite give
much smaller expansion on conversion to Mullite.
This mineral Mullite is also formed in clays which have been burned at high temperatures or heated
for long periods in use although the proportion of the total mass which it occupies is much less than
in the case of artificial Sillimanite mixtures.
Mullite is a hard, refractory substance melting at 1,800 oC. It occurs in burnt clays in the form of
needles and in the ground minerals as angular grains Firebricks made of Sillimanite and aluminous
clay are hard, of high melting Point and resistance to load, very resistant to slag and spalling, and if
the mineral properly calcined free from volume changes in use. They are commonly handmade or

pressed by the methods used for plastic clay. Mixtures of about 30 per cent. clay 7 per cent. clay 70
per cent Sillimanite are usual. On account of the high cost of the imported Sillimanite (largely from
India) its calcination and difficulty of grinding the price of the bricks are high 9in bricks1s. each.
Bauxite natural impure alumina more or less hydrated is also used after calcination, grinding and
bonding with plastic clay. It is essential that the preliminary calcination be complete and that the
bricks be hard fired, otherwise trouble is found with contraction in use. Provided these precautions
are taken a good aluminous refractory of properties similar to Sillimanite brick can be obtained.
Fused alumina (corundum) is excellent as a refractory grog provided that it is well graded and
bonded. Certain grades of waste emery give too fine-grained powder producing a brick liable to
crack and spall.
Excellent refractories can be and are being made from aluminous materials such as bauxite and
Corundum and Sillimanite where such materials constitute the bulk of the mixture. When attempts
are made to improve existing clays by the addition of relatively small amounts (20 - 40 per cent) of
these materials, disappointing results have been obtained, the material showing little advantage over
the original clay.
The handling and fabrication of mixtures of plastic clay and synthetic grogs or non-plastic minerals
demands in some cases a different technique from that employed for straight fireclay. Thus, some of
the heavily grogged mixtures are shaped by making them up as a slip with water and pouring the
slip into plaster moulds. This is a method adopted from the pottery industry where mixtures of
plastic clay with non-plastic feldspar and flint are used.
It has in recent years been used in the refractory trade for the production of tank blocks, crucibles
and other shapes in which a special mixture and fine homogeneous structure were of sufficient
importance to balance its cost. While it is comparatively simple and cheap method of producing thin
china ware, the use of this process for massive refractories is slow and correspondingly expensive,
so that it is generally applicable mainly to shapes which can only be made slowly by hand such as
glass house pots etc., in such cases it may even prove cheaper than hand moulding,
The mention of this process of slip casting reminds us of another but entirely different casting
process which has recently been introduced. This consists in the actual fusion of high alumina
mixtures of clay and bauxite in an electric arc furnace, the resultant melt being poured into sand
moulds. The blocks produced in this way consist of Mullite crystals in a ground mass of glass. They
are extremely hard, non-porous resistant to abrasion and corrosion and of low and uniform
expansion. So far, the cost of the process has prevented the adoption of this product except in
certain cases such as the blocks for lining continuous operation glass tank furnaces where the high
temperatures and corrosive action of the glass caused rapid wear of normal clay refractories and
frequent shutdowns for relining. It is possible that this process if it can be cheapened may prove of
great importance in the future.
A totally different class of refractory product has become of increasing importance in recent years,
that comprising the various materials used as refractory heat insulators, The earliest materials of this
type were the natural diatomaceous earths consisting mainly of siliceous skeletons mixed with
varying amounts of clayey impurities, At first such material was used largely as blocks cut from the
native rock, these often showed a considerable contraction when heated above about 800oC. so prefiring was resorted to. Mixtures of ground diatomaceous earth and clay have since been largely used
as the texture is more under control and the laminations common in the native rock are avoided.
Many ot the mixtures have a combustible substance such as cork chippings or sawdust added during
manufacture. This serves the two-fold purpose of opening up the texture during burning and giving

additional porosity to the finished brick. These materials, in general, possess excellent insulating
properties but are liable shrink unduly if exposed to temperatures above about 1,100°C.
A different class of insulator is produced from plastic fireclay by: mixing with it certain ground
combustible substances such as coal slack, coke-dust or sawdust. On burning these are removed and
their place occupied by pores. In order that the insulating’ properties should be satisfactory it is
necessary that these pores be small. Large pores permit of air circulation within them so that heat
transfer across the pore is easy. It is also desirable to obtain the pores with as little: communication
between them as possible.
A considerable amount of work has been done by manufacturers to obtain such structures without
impairing the plastic properties of the clay and without causing incomplete burning out of the
carbonaceous material during kilning. Carefully proportioned and milled mixtures together with the
adoption of repressing and a suitable slowed down firing schedule have enabled bricks to be
produced which although hardly such good insulators as the natural diatomaceous materials are
greatly their superior in strength at high temperatures.
Methods have also been suggested and experimented with which produce the high porosity in
another manner, by producing a large number of air or gas bubbles in clay in the form of a slip or
cream, the product being something like a meringue in structure. Such a material should yield a
very suitable structure if the closed pores characteristic of a froth can be preserved. Difficulties
connected with burning out of carbonaceous additions are also avoided.
The troths are produced either by mechanical means of air incorporation, rather like an egg whisk
on large scale, or by the addition of powdered substances which will react with the water and give
gas bubbles, metals such as aluminium and calcium and certain alloys of them are thus used.
Difficulties arise however during the drying of the froths when there is a great tendency for the
foam cells to: break down. So far the process has not reached the commercial production stage.
In recent years considerable developments have taken place in the compounding of various
materials for use as refractory cements, patching and lining materials all of which are products
which receive their final firing treatment during actual use. Among the cements, fire-clay still
remains the most commonly used substance as firebrick is the most widely used refractory. Finer
grinding to allow of thinner joints has to some extent been adopted. Grog contents have also been
increased in order to reduce cracking by shrinkage. Mixtures composed mainly of firebrick grog
bonded with a small amount of very plastic clay have found application for this reason. Many
mixtures have been introduced with the object of providing a strong joint after firing to
temperatures below that at which a straight. fireclay would vitrify. Additions of sodium silicate to
clay grog mixtures, or to clay-silica mixtures harden on drying alone, a property which can also be
obtained by the use of organic colloids.
In this case, however, the strength is lost when the organic matter burns out unless some low
temperature flux is also present. Fusible clays, feldspar, etc., are also ingredients of some mixtures
designed to vitrify early. In others Portland or Aluminous cements are used, combining air setting
with a fluxing action. The amount of fluxing material permissible is small in cases where the
material must operate at high temperatures, say 1,500oC. and over, in and in such cases, care should
be taken to see that too fusible a mixture is not employed however attractive its cold setting
properties may be.
Mixtures of Portland Cement with Chromite have proved very satisfactory in certain cases, the high
refractoriness of the Chromite successfully counteracting the fusibility of the cement.

Patching and liming mixtures are still chiefly of the clay-silica type exemplified by the ganisters.
Attention to milling and to the texture produced has served to reduce cracking losses. In some cases,
cold setting has been obtained by the use of water glass (sodium silicate). Organic colloids have
also been used as promoters of dry strength and provision made by the inclusion of a proportion of
large grains (about ½in) for the material to be self-venting. Other powdered ramming materials such
as magnesite have also found application in electric furnaces. Here again texture control has been
shown to be of paramount importance in producing a sound, well packed lining.
We now have to consider refractory materials which have as their base minerals other than silica
and the alumino-silicates. Magnesite bricks have been considerably improved in soundness and
mechanical strength in recent years by methods similar to those employed in the pressing of silica
and fire-clay bricks. More thorough burning of the raw magnesite and better firing of the kilns has
lessened the tendency to shrinkage in use by obtaining a more complete conversion of the magnesia
to the crystalline periclase. Spalling troubles. have not yet been eliminated although some
improvement is to be noted. Experiments with several bonds including particularly the use of zircon
seem likely to yield good results. The use of metalkase bricks consisting of steel boxes rammed
with dead burnt magnesite, has produced good one-piece steel furnace walls. The iron oxide
produced as the steel melts fuses the magnesite surface and also hastens the conversion to periclase
Electrically fused magnesia has been used for refractories where price considerations allow, as an
example for special laboratory crucibles, with good results.
Dead burnt magnesite bricks have in the past been very liable to cracking during drying, or to the
formation of cracks in the burning process which had their real origin during drying. Recent
investigations have. shown that the effect is due to hydration of the magnesia and consequent
expansion and that it takes place most readily at 80 to 100oC. This information will no doubt assist
in the safer drying of magnesite bricks.
Many attempts have been made to improve the spalling resistance of magnesite, such as the. zircon.
bond already mentioned. Additions of kaolin have lately been found advantageous for this purpose,
but unfortunately their use appears to be precluded in many cases by the decreased slag resistance
of the mixture. Similar additions to Dolomite, increase the resistance to hydration and disintegration
which have proved so troublesome. These mixtures are still in the experimental stage
Chromite refractories have been studied from the point of view of improved texture and moulding
technique. The use of pre-fired chrome ore and of various bonds has also been under examinations.
Carborundum and siloxicon have found a largely increased field of use in such parts as muffles,
furnace burner tubes, refractory supports etc. Improvements have been mainly in the bonds used for
uniting the carborundum grains into a strong coherent mass. The earlier products depended on clay
for this purpose, such a bond often lacked rigidity at high temperatures and led to failure at high
temperatures far below that at which the carborundum itself would be affected Alumina, Magnesia
and Zircon have all been successfully used for producing bonds of higher strength. Clay bonded
carborundum is now generally reserved for uses such as kin tiles, furnace bottoms and crucibles
where neither the greatest refractoriness nor the highest thermal conductivity are required, for such
purposes. mixtures down to as low as 30 per cent. carborundum are employed. The more severe
conditions are often met by the use of recrystallised carborundum. In this material there is no added.
bond, the product depends for its strength on the interlocking of the carborundum crystals formed
and grown by high temperature treatment prior to use. High thermal conductivity and great strength
both result from this structure. The low and regular expansion in conjunction with the thermal
mechanical properties and the uniformity of the structure render his material very resistant to
spalling.

Zirconia and Zircon (ZrO.SiO2) have found application where price permits, as in laboratory and
special furnace work. Zircon yields a good non-spalling material of high refractoriness and strength
but slag resistance, especially to metal oxides is poor. Bonding. which was at one time a source of
difficulty now generally consists of an organic temporary bond together with sufficient very finely
ground zircon to give satisfactory sintering in the kiln. Zirconia gives the best results when bonded
with Lime but, spalling, difficulties have not yet been completely overcome. Materials of this sort
including Beryllia, Thoria etc. have so far found only a limited use on account of their high prices
due largely the cost of the raw materials.
The consideration of these more expensive. refractory materials leads us naturally to think of the
laboratory in which they are mainly used and thus to the research work carried out in recent years. A
brief summary is all that we have time to include here. First, we may note the fundamental
researches on the binary and. ternary oxide systems which have yielded Information of value to the
study of refractories, ceramics, cement, glass and slags. This work is best supplemented by the
examination of refractory materials after various heat treatments in manufacture and exposure to
various sets of conditions in service. The microscopic methods of the petrologist have recently been
assisted by X-ray power. photography and the identity of many the minerals formed in heated
refractory materials has thus been established.
When seeking to apply any of these results to ordinary everyday problems we have always to
remember that the average refractory material is generally in a condition considerably removed
from phase equilibrium and that "the chemistry of the alumino-silicates is the chemistry of arrested
reactions". Nevertheless, a great deal of useful information has been obtained by studying the
development of mullite crystals in clay bodies, the conversion of quartz into tridymite and
crystobalite in silica bricks, the formation of crystalline periclase in magnesite bricks and the
minerals formed during the corrosion of refractories by slags and glasses.
Other investigations have dealt exhaustively with the raw clay and to a lesser extent with other
native refractory materials. Further light has been thrown on the mechanism of plasticity, that most
fundamental of the properties of clay, while some information has been forthcoming on the history
and constitution ot the clays as we find them in the seam. Work of a combined scientific and
technical nature has been conducted in still greater quantity.
Every phase of the manufacturing operation has hen thus examined, grinding. texture and is effects,
shaping. processes drying and its control. burning and testing of the finished product. The behaviour
of various refractories and comparison of their merits when exposed to temperature, pressure
temperature changes and slag attack form another branch which covers a great bulk of technical
literature.
In all this work the specialist in refractories has borrowed largely from the chemist, physicist,
ceramist, mineralogist, geologist and metallurgist and his results are often obtained by a
combination of methods from many fields, In return he is supplying them, through the refractories
industry, with improved materials for use under the stringent conditions of their own experimental
work.

SOME PERSONAL EXPERIENCES WITH NICKEL ALLOYS
W.R. Barclay O.B.E.
Managing Director of Henry Wiggin and Co., Ltd., Birmingham
(Paper given before the Co-ordinated Societies at the Chamber of Commerce, Birmingham, on Oct.
16th, 1930, Mr. P. Jump, A.M.I.Mech. E. being in the chair, and some 60 persons present).
When I was approached by the Co-ordinating Committee with a request that I should give you an
address on some subject during the opening weeks of the Session, I had considerable reluctance in
consenting. For some years past my time has been so fully occupied with duties which, though
partly technical, have been also increasingly administrative and commercial, that I considered I was
not able to give the necessary time and thought to the preparation of a paper which would be in any
real sense a contribution to the proceedings of societies such as ours. I felt, however, that I could not
decline the invitation so kindly given, and in turning the matter over I came to the conclusion that
this afforded an opportunity for doing what I have several times had in mind, namely, to put on
record a few personal experiences in the development. of nickel and nickel alloys.
It is now rather more than 35 years since I was first brought into touch with nickel, and particularly
German silver, which then was the principal nickel alloy in commercial use. It is, I think, of very
considerable interest to look back on the position at that time. I think it is no exaggeration to say
that the production of German silver, as it was then known, was almost entirely empirical. I well
remember that the particular proportions of nickel, copper and zinc, forming various qualities were
as often as not kept in the memory of a foreman caster, rather than in the records of his employers.
Certain conventions of nickel content had, of course, to be observed, governing what were known
as trade qualities; but chemical analysis often revealed that these conventions were observed too
loosely, and the relationships of the other elements present to the nickel content of particular alloys
were, to say the least of it, erratic. It is not surprising that in those days we met many metallurgical
difficulties which today are practically unknown, but as I look back, I find that these difficulties
were quite as much due to causes outside our control as to causes within it.
No small compliment can be justifiably paid to the makers of German silver in the last century in
that, broadly, the proportions of nickel, copper and zinc, which they used in making up their
standard alloys have not been widely departed from even in the metallurgically relatively advanced
age in which we live at present. Our predecessors had fully realised the main requirements for this
alloy, namely, a good colour, reasonable mechanical strength, and a considerable degree of
malleability and ductility, and the alloys produced had these properties to a remarkable extent. As I
have intimated, however, very many troubles, more or less serious, and to individual makers
occasionally disastrous, were met with. These were partly due to lack of metallurgical knowledge,
but they were also due, and this must be emphasised, to the impossibility in those days of obtaining
raw materials of anything like the standard of purity now available. We were, of course, able to
obtain copper of a fairly high standard, but the two other elementary components of German silver,
namely, nickel and zinc, were often decidedly impure.
At the time of which I speak, the Mond process for refining nickel was in an entirely experimental
stage and its product not available for commerce. Nickel refined electrolytically was unknown. The
only nickel we could use or even obtain was the rondelle or cube nickel which in these days is
practically obsolete.
It will be noted from the compositions in Table I. that this nickel contained a number of impurities
of greater or lesser importance. The main difficulties were not, however, due to metallic impurities
so much as to the vagaries of this type of nickel with regard to its content of nickel oxide on the one

hand or carbon on the other. You will probably remember that the rondelle and cube nickel were
made by compressing washed nickel oxide mixed with carbonaceous matter into the rondelle or
cube form, and then reducing the compressed oxide lumps with powdered charcoal at
a temperature of from 900-1,000°C.

It was obviously a matter of considerable difficulty in the nickel refineries to effect this reduction of
nickel oxide to metallic nickel in such a way as to avoid on the one hand an excess of oxide, and on
the other an excess of carbon. It is really remarkable that, under the conditions obtaining, nickel of
such a high relative purity could be produced, and I can, from personal experience, bear testimony
to the high standard of technical skill reached by the workmen handling this process after years of
experience.
It will be clearly realised by my metallurgical friends here, however, that when one came to make
German silver alloys with nickel which one day contained a considerable core of nickel oxide, and
another day had a carbon content probably more than double the normal, the task of producing a
uniform nickel silver was an almost impossible one. In some cases, the German silver manufacturer
became in turn a refiner and added to his molten heat either nickel oxide or carbon, in order to
produce a satisfactory German silver ingot.
One could spend a great deal of time in describing the troubles and difficulties experienced not only
in melting practice but in the operations of cold rolling and annealing. It was by no means an
uncommon experience to find ingots splitting from end to end in the first pass of cold rolling, and
equally common, but still more annoying, to find cold rolled sheets and strips cracking up like dry
biscuits under annealing operations. Even with the apparently satisfactory production of sheet metal
from the rolling mill itself, we were not free from anxieties since in manipulating the metal during
manufacture into articles of use, such troubles as fire cracking and season cracking were
exceedingly common.
The troubles directly traceable to nickel were, however, by no means the only ones due to our raw
materials, for it was then almost impossible, except at prohibitive prices, to obtain zinc free from
lead. I think it is perhaps only fair to say that in the light of subsequent experience, some at least of
the troubles we used to attribute to the presence of carbon or oxide in German silver were due to
lead. It was certainly not realised at the time how important a part this element plays in the
metallurgy of German silver.
I think probably the first step of importance with which I was intimately concerned in the
commercial manufacture of these alloys, was some experimental work in the use of electrolytic zinc
produced by Messrs. Brunner, Mond & Co. Ltd., in the early part of the present century. I had
become convinced at that time that the quality of the zinc we were using was a considerable factor

in the behaviour of nickel silver, not only in the cold working process of the rolling mill, but in the
manipulative processes in users’ works, and I felt that by far the best method of testing this out on a
sufficiently large scale was to try for a period, even at some extra expense, a high purity zinc. My
first enquiry to Messrs. Brunner, Mond & Co, Ltd., brought me a special visit from one of their
representatives who expressed surprise that such an enquiry should come from the German silver
trade. It was a field into which they had never looked, and from which they anticipated no demand
whatever; and though the matter seems simple enough at the present time, some courage was
required to adopt, even on a limited scale, the use of a raw material which cost from £10 to £15 per
ton more than the normal. The experiment, however, was amply justified, particularly for sheet
German silver, which was used in drafting, deep stamping and spinning operations. It was the
incentive given in this way that prompted me to be one of the pioneers in the adoption of Mond
nickel for German silver manufacture, since experience was proving overwhelmingly that some
proportion at least of the troubles we experienced were due to impurities.
The introduction of Mond nickel into the German silver casting shops at that period was not,
however, quite so simple a matter as the introduction of high purity zinc. The casters of those days
had a very distinct prejudice against the tiny balls which, of course, are the conventional form of
Mond nickel. This prejudice was to some extent justified since there can be no question that the old
rondelles or cubes melted down in the crucibles much more readily than the high purity Mond
nickel pellets. A further difficulty was also experienced in that many of the casting furnaces used for
German silver in those days were ill-designed and often presented serious difficulties to the caster
in getting the required temperature, particularly if the wind happened to be “contrary." One result of
this was that in some furnaces the Mond nickel pellets reached a temperature at which they were
very slightly softened but not rendered molten and they then welded together in a mass through
which it was almost impossible to drive pokers or stirring rods. The old casters used to point out to
me that this sort of thing never happened with rondelles and cubes, and though I was, of course,
quite satisfied in my own mind as to the cause, I am afraid that I did not always convince them that
there was a scientific explanation of this, and that Mond nickel had a distinct advantage in
superiority of quality in spite of these difficulties.
I should like now to turn your attention to a problem which at that time aroused considerable
interest. I have referred already to the fact that German silver manufacturers aimed at producing
alloys of good colour, combined with appreciable malleability and ductility. It will be readily
understood that the question of colour was rather more prominent even than that of ductility, and a
very considerable amount of controversy occurred behind the scenes, particularly amongst the
casters themselves, as to the compositions which produced the best colour. It was not unnatural, in
the circumstances, that many of the casters considered that the more zinc they could get into the
alloy, the better the colour, and as the trade convention had dictated the percentage of nickel in
various grades, the zinc content seemed obviously to provide the experimental opportunity for
development of good colour. It was somewhat difficult to tie this controversy down, since a great
deal of secrecy was observed amongst operators, and Professor McWilliam, in whose laboratory I
was then working, and with whom I had collaborated in some previous work on nickel silver,
suggested that we should carry out some general observations ourselves. We had, of course, fully
realised, as was obvious, that the general whiteness of colour of German silver alloys as compared
with the brasses, must be due to the presence of nickel, but we did not know how far the colour
might or might not be modified by higher or lower zinc content. We examined a large number of
samples from various sources but found the compositions so erratic that it was very difficult to draw
definite conclusions. We finally determined to prepare a series of alloys in which the copper content
should be constant, and in which the only variable should be the relative proportion of nickel and
zinc. We had prepared a similar series of alloys for another purpose, and an examination of these
after submitting them to a high polish, enabled us repeatedly to place them in order of their degree
of whiteness in exact accordance with the nickel content. Our own observations in direction were

borne out by experienced German silver polishers in the trade. My colleague, Professor McWilliam,
felt, however, that it would be more satisfactory if we could submit our test pieces to a more
scientific standard, and we therefore determined to send our samples, together with a standard silver
test piece, equally highly polished, to be examined by the Lovibond Tintometer method.
The results, which are reproduced in Tables II and III are very interesting, since they bear out the
conclusions we had previously arrived at, namely, that the proportions of zinc present in German
silver had a relatively small influence on colour compared with the nickel content. A difference of
only ½% in nickel content can readily be distinguished, particularly in the lower grades.

Another interesting problem which engaged our study about that time was the use of deoxidising
agents in the melting of nickel silver. It should be remembered that this period coincided with the
earlier developments of nickel steel, and some of my metallurgical friends held at that time the
strong opinion that all nickel used for alloys should be previously deoxidised. I very well remember
rondelle nickel being melted down and deoxidised with manganese preparatory to using it for the
making of experimental nickel steels. Of course, the use of magnesium in this connection had also
become known, since the patent taken out by Fleitman for malleabilising nickel by means of
magnesium had been published some time previously, but as it was felt that manganese was the
more satisfactory agent to use for ferrous alloys, it was perhaps not unnatural for us to conclude on
the non-ferrous side that this element was the most suitable for nickel silver. At that time a
considerable amount of controversy existed as to the desirability or otherwise of manganese
additions to German silver, but time and experience since have amply proved that we were working

on sound lines, though I think that the advantages attending the use of manganese are due quite as
much to its affinity for sulphur as for oxygen.

As one reviews this period, one cannot feel that any very spectacular advances were made in the
metallurgy of German silver, but there is no doubt whatever that steady progress was made, and a
great many of the troubles were entirely eliminated. I think, indeed, it may be fairly said that the
latter part of the 19th century and the early part of the 20th placed the industrial production of
German silver on a sound basis. There were few workers in the field, and I am afraid we were all
very inexperienced. Tribute should be paid to the late Professor McWilliam for his continued
inspiration and invaluable suggestions. His experiences in the field of alloy steels enabled him to
direct our earlier experimental work very much more efficiently than would otherwise have been
possible. I should also like to take the opportunity in this connection of paying a tribute to Dr.
Hutton, whose arrival in Sheffield from Manchester University coincided with the period of which I
speak, and it should be said that he displayed very considerable enthusiasm in tackling the industrial
problems to which Professor McWilliam and I had set our hands,
I could say much more about this period which, to me, is full of interest, but I am afraid I have spent
too much time over it already and I wish to hasten to a later period when the problems of cupro
nickel manufacture were first brought to my notice. In 1914, when the War broke out,
comparatively few firms in this country had had any appreciable experience in the manufacture of
the straight copper nickel alloys, and certainly none outside the circle of recognised cartridge and
small arms ammunition manufacturers, notably Woolwich Arsenal, Messrs. Kynoch and associated
firms.

When one considers the equilibrium diagram of the copper nickel alloys and notes its continued
series of solid solutions, it becomes a matter of surprise that any of these alloys should present
serious technical and industrial difficulties. The fact remains, however, that at that time it was so,
and it must be remembered that such literature as had been published on the subject of cupro-nickel
was somewhat discouraging reading.1 The only information that I could obtain after fairly
exhaustive enquiries as to the factors making for success was that the pouring temperature must be
kept high. 1 was anxious to know something about the exact influence of carbon, sulphur, silicon,
manganese and other elements, but found little information, and what little there was was
contradictory, Unfortunately, there was little time to devote to elaborate investigation of problems.
The need for production was vital and there was nothing for it but to risk mistakes. We soon found
that, though there was much uncertainty as to the exact influence of carbon, at least we ran the risk
of trouble if the carbon content was over .04%. The workers at Woolwich had also come to the
conclusion that in order to avoid the possibility of separation of graphite in the alloy, the annealing
temperature must be kept below 690°C.
Probably, however, from an industrial point of view the most interesting experience I can recall is
that concerning the determination of the correct pouring temperature. At that time such a problem
presented much greater difficulty than it does today. We were dealing with molten metal in the
neighbourhood of 1300 - 1400°C, and it was no easy task to get concordant results as to the best
pouring temperature. In this work I had the good fortune to have the assistance of an old friend and
collaborator, who, I am glad to say, is still a colleague, Mr. G. E. M. Stone, at that time head of the
Pyrometric Department of the Brown Firth Research Laboratory under Mr. Harry Brearley. Using a
Siemen’s Optical Pyrometer and dead-end silica tubes we were able to obtain fairly uniform black
body conditions and reasonably concordant temperature readings. A number of experiments were
carried out with various pouring temperatures and as a result of rolling and manufacturing trials on
the resultant ingots, we found that the best results were obtained with a pouring temperature of
1360° to 1370°C. It was one thing, however, to determine the pouring temperature in one particular
casting shop under my own personal control, and quite another thing to impart this experience to the
large number of individual casting shops which at that time had to be mobilised for cupro-nickel
production.
Our own experimental work, as indicated above, was carried out by means of a Siemen’s Optical
Pyrometer, and our results were carefully cheeked in every way. It was obvious, however, that such
an instrument could not be placed in the hands of workmen, and we devised the following very
simple arrangement as a solution to the problem.
The apparatus consisted of an outer tube of fused silica closed at its lower end, whilst to the upper
part was fitted a brass tube made in two parts, adjustable in telescopic fashion. Inside the tube was a
rod, the lower portion of which was made of fused silica, the upper portion of iron. The top of this
rod passed through a hole in the cap of the metal tube and was connected by means of a pivot to a
pointer free to move vertically,
Placed in the lower end of the silica tube was a small mass of metal having a melting point equal to
the desired pouring temperature, upon which the silica rod rested, allowing the pointer to be in its
lowest position.
To use the apparatus the lower end was inserted into the crucible. When the desired temperature was
reached the small “charge” of metal in the tube melted, allowing the rod to fall and so elevating the
pointer.

The pyrometer was then withdrawn and held vertically with the pointer depressed until the “charge’’
had solidified, when the instrument was again ready for use.2
The main difficulties in the use of this instrument were the breakages of silica tubes, since these
tubes are, as is well-known, very fragile when exposed to temperatures of over 1200°C. On the
other hand, when the instrument was used by a careful foreman or an official with some technical
knowledge, it proved an exceedingly useful aid, particularly to those who were just commencing the
manufacture of this alloy.
The pouring temperature, though an important problem, was not, however, by any means the only
one we had to face. We knew very little in those days as to the actual influence of carbon, sulphur
and even manganese, and this had to be determined under works conditions by more or less
empirical methods. Both these elements have considerable influence on the behaviour of cupronickel in the later stages of its use, and especially in the manufacture of small arms ammunition.
One of our greatest troubles was the formation of what was known as “biscuit’’ strip. The material
would pass through the hot or cold rolling stages, and when undergoing annealing would
occasionally come out of the furnace so brittle that it could be taken between the thumb and finger
and broken exactly like a biscuit. Truly a remarkable phenomenon for an alloy so essentially
malleable and ductile as 80/20 cupro-nickel! This trouble was traceable directly to the influence of
carbon, but. our difficulty was to determine exactly what percentage of carbon we could allow
without running undue risk of the trouble. The problem was never completely solved, since we
found that occasionally biscuit strip was produced with carbon even as low as .03%, whereas on
many occasions strip containing .05 and even .06% went through without any indication of it.
Investigations at Woolwich Arsenal, however, showed clearly that the risk of producing biscuit strip
was considerably reduced by keeping the annealing temperature at, or slightly below 690°C, and
our standard annealing temperature was in practice fixed at from 650—690°C,
Table IV illustrates the effect of various annealing temperatures on the tensile strength of cupronickel, and also illustrates the fact that in the range I have mentioned, the material has reached its
maximum softness and ductility.
I cannot leave this subject of cupro-nickel without making some reference to developments
which may be said since to have literally made history in nickel and nickel-copper alloy In the latter
part of 1916 and the early part of 1917, we were faced with the steady accumulation of scrap, owing
to the largely increased output of cupro-nickel. Some of this was high grade but some of it
contained appreciable quantities of impurities. At that time one of my colleagues was Mr. Kent
Smith of Sheffield, who was well known for his work on vanadium and high-speed steel alloys.
Arising out of a long discussion on various methods of melting we conceived the idea that a sound
method of attacking the scrap problem in cupro-nickel was to melt down in an open-hearth furnace
and attempt to refine it by means of slags. Such a discussion led quite naturally to the idea of the
electric arc furnace, and after some preliminary experiments, carried out by the kindness of friends
in the steel industries, we finally arranged to put down a small size Héroult furnace in Sheffield for
this purpose Today there seems nothing strange or even faintly unconventional in such a proposal,
but I can assure you that at that time we were considered very dangerous visionaries. It must be
remembered that before the War the electric furnace, either of the induction or arc type was finding
its way only very slowly even into the steel trade, where the conditions were favourable. Steel
metallurgists were as familiar with the open-hearth furnace as with the crucible furnace, and so far
as the arc type of electric furnace was concerned, it would obviously be in this field that it would
make its first appeal. Soon after the outbreak of War the number of such furnaces used for steel was
appreciably increased, and towards the end of the War they were very well known indeed. When the
question of melting non-ferrous alloys in an arc furnace came up, however, we had absolutely no
previous or contemporary experience. So far as we were aware it had not been attempted on a

commercial scale in any other country. I have since compared notes with friends in America and in
Germany engaged in non-ferrous metal melting, and I think I am keeping well within fact when I
say that we were the first to melt nickel or its alloys by means of an electric arc furnace.

I often think as I look back on that period that we met with more than our share of the difficulties of
pioneers. In the first place we had not only to learn a new technique, but we had to deal with impure
material, the use of which compelled much experimental work in suitable slags and fluxes.
In spite of our early difficulties, however, we were soon convinced that in the electric arc furnace
we had a metallurgical “tool’’ of very considerable value. As an example, I may just refer again to
the problem of carbon in copper-nickel alloys. While in our previous crucible practice, we had
found the greatest possible difficulty in controlling this element, we found that, in electric furnace
melting, once we had overcome the difficulties of technique, we could control this element
extraordinarily well. I was often reminded of the difficulties in the melting of German silver from
‘‘high carbon’’ nickel rondelles, in which by means of additions of nickel oxides we attempted to
correct the balance. The use of nickel oxide in such a connection in crucible practice is a very
difficult and uncertain thing. On the other hand, in our electric furnace practice we found that such
additions could be made easily and readily, and with a control we could not possibly have gained in
crucible work. I think also that we learned very much practical metallurgy from our mistakes in
electric melting. The experiences compelled us to give close study, amongst other things, to the
possible effect of gases in molten metal and, most of all, to problems of unsound castings. Any
metallurgist who has had much practical experience is acquainted with the problem of “heats” rising
in the moulds during and after pouring. The phenomenon is not by any means unknown in crucible
practice, particularly in nickel alloys, but I can assure you that it was almost a daily experience

when we tackled the problem of electric melting, with the result that we were literally forced to
study every phase of the problem.
Great advances have been made since that period. Today the melting of nickel and nickel alloys in
electric arc furnaces is thoroughly standardised into common practice in all metallurgical centres in
any country which deals with these metals.
I will now take a few moments to refer to the problem of the manufacture of malleable nickel which
faced me almost immediately after the War, and almost before we had surmounted some of our
difficulties with electrically melted copper-nickel alloys. In England, at any rate, prior to 1918, and
in the early part of 1919, the whole of the malleable nickel manufactured was produced by means of
gas or oil-fired crucible furnaces. The costs were high, the difficulties great and the products by no
means satisfactory. It fell to my lot to devote some considerable time and study to the subject, and I
felt that our most serious difficulty was that of obtaining the necessary temperature in crucible
furnaces. My works tests showed that we could not hope to get a thoroughly sound ingot with a
pouring temperature of less than 1600° to 1700°C, and it must be remembered that makers of gas
and oil-fired furnaces during and prior to that period had by no means developed the high
efficiencies which they have since attained. It was perfectly natural, therefore, that our attention
should be again directed to the use of arc furnaces, and during the years 1919 and 1920 a very
considerable amount of experimental work was carried out in the manufacture of malleable nickel
in such furnaces.
To some small extent also induction furnaces were tried, but the efficiency of the arc furnace was so
much greater that we naturally concentrated on it. Much of the experience we previously gained
with copper nickel alloys proved of value in this newer problem, and slowly but surely malleable
nickel was produced in this country of a very much higher grade than any obtained previously;
sufficiently high, indeed, to attract the interest of metal workers and lead not only to further
developments of old uses, but to entirely new fields,
Some slight idea of the advances made can be gained from the degree of purity attained. You will be
aware that the problem of rendering nickel commercially malleable was solved in the first instance
by Fleitman, who discovered the value of magnesium as a deoxidising and desulphurising addition,
and by my predecessor, the late Mr. G. A. Boedicker, and others, who discovered that nickel could
also be rendered malleable by additions of manganese. It can be readily understood, however, that
beginning with a relatively impure refined metal and treating this with further additions of foreign
elements, inevitably resulted in a low standard of purity. Indeed, it was rare that one found even the
best malleable nickel to contain more than from 97 - 98% nickel, or nickel and cobalt combined, It
is significant of the progress made that less than five years from the end of the War malleable nickel
was being regularly produced with a purity well over 99%, and often reaching a standard as high as
99.6%. Recent analyses of malleable nickel, and the Mond nickel from which it is made are given in
Table V.
Continuing this somewhat disjointed account of what, to me, at any rate, are interesting landmarks
in my personal experience, I wish to turn now for a few moments to the subject of nickel chromium
alloys. During the War this country was at a considerable disadvantage in the production of heat
resisting materials, particularly in the form of wire and tape. With commendable enterprise, Messrs.
Henry Wiggin & Co. Ltd., in conjunction with some Sheffield steel manufacturers, put on the
market an alloy of nickel-chromium and iron for heat resisting purposes with some degree of
success. This alloy, however, met with very vigorous competition of American manufacturers who
had had from seven to ten years’ intensive experience in the manufacture and development of such
materials. Further, the alloys of nickel chromium and iron were showing themselves seriously

inferior to the binary alloys of nickel and chromium which were introduced by Marsh and his
collaborators in America.

During the War period there was little or no opportunity to pursue the subject, but towards the end
of 1919 I undertook investigations of the subject with two ends in view. One, to endeavour to
improve the standard of quality attained in the manufacture of the ternary nickel-chromium-iron
alloys, and secondly to investigate the possibilities of the binary series of nickel-chromium, Our
early experiments were considerably hampered by melting facilities. Here again, as in the case of
malleable nickel, We were met with the difficulties of obtaining proper conditions of melting and
temperature in the ordinary crucible furnace. We made good material and bad almost
indiscriminately and could attain but a limited control over our conditions. I do not think it is
exaggerating the position at all to say that developments in the manufacture of these alloys
depended entirely on our possession of the electric arc furnace and the evolution of a sound
technique in its working. We ultimately entirely abandoned crucible melting for any of these alloys
and adopted electric methods.
I need not weary you with an account of our early troubles. In the melting of nickel-chromium we
met with troubles of essentially the same order as nickel-copper, but intensified. In the manufacture
of nickel-copper alloys we were relatively free from the problem of metallic oxides in the bath,
except where large quantities of oxidised scrap were used. As soon as we turned our attention to
nickel-chromium, however, we realised, as we had never done before, the problem of metallic
oxides, since chromium very readily oxidises, and we were, indeed, often using a quality of
chromium metal which contained appreciable quantities of oxide. Here again, however, the arc
furnace with its open-hearth practice became an invaluable ally, and one by one those early
problems were mastered, and we began to get for the first time a vision of the essential properties of
these nickel-chromium alloys. During the earlier development period, we had come to regard them
as essentially hard, somewhat brittle, certainly only moderately malleable and ductile alloys. As
time went on we realised that much of the hardness, brittleness and lack of ductility that we had
thought inherent in the materials themselves, were really faults of manufacture.

To realise the enormous progress made in the metallurgical development of these materials, one
only needs to point to the vastly improved life and endurance of electric resistance alloys of the
nickel-chromium type now as compared with even the best that could be produced in any part of the
world seven to ten years ago.
My colleague, Mr. J. H. Russell, in a paper before these societies last year, entered into considerable
detail on the methods of manufacture, properties and uses of these alloys, and I do not propose to go
over any portion of this ground tonight. I would, however, point out that the development of the
manufacture of these alloys in this country deserves a fairly high place in our metallurgical history.
When we began the work, we had no information whatever as to the experiences of those who were
pioneering the developments in America. The only literature existing, indeed, was in the form of a
few patent specifications which were, to say the least of it, both nebulous and ambiguous. We had to
rely entirely on our own efforts and the often somewhat fiery and violent criticism of users. It was
sometimes felt that the latter was unfair, but it was quite possible that it was more stimulating than
the alternative attitude of complete indifference to our success or failure.
I hope in the concluding part of this address I may be allowed to indulge in a few generalisations on
the study of the industrial production and use of metals and alloys.
Rather by accident than design my early interest in nonferrous metals was inspired by the problems
of their use and not (at least in the first instance) of their manufacture. I have come to the realisation
that thereby I unwittingly gained an invaluable asset - a largely unconscious but none the less
thoroughly sound education of a type not always available by more systematic systems of
metallurgical training.
I remember on one occasion hearing my friend, Mr. Harry Brearley, of Stainless-Steel fame, say
that the best school for a young student of industrial metallurgy was the works scrap-heap. The
remark embodies not only sound common sense but sound philosophy. The Industrial Metallurgy
with which most of us here are concerned is a means to an end not an end in itself. We produce for
use and we serve or seek to serve fellow craftsmen, the quality of whose work is largely dependent
on the standards we ourselves set up.
Through circumstances over which at the time I had little control, 1 undertook between the years
1895 and 1900 a fairly intensive study of the subject of electro-plating, which study led me to
develop a greater interest in the basis metals used in the art. Here I wish to say with conviction that
an observant electro-plater has opportunities for the study of faults in manufactured or semimanufactured metals that are almost unique. Especially is this true of metallic surfaces. He is able in
the preliminary operations of preparing these for an electro-deposit to observe the common defects
of spills, cold laps, slag streaks, pits, etc., and to realise, as few other craftsmen can, the exact
influence and effects of these. Moreover, as is now fairly well-known, an electro-deposit on any
metallic surface tends to emphasize and even exaggerate surface defects and particularly pits and
inclusions, not to disguise or cover them up.
Those of you who have had experience in the manufacture of German silver will recall the troubles
experienced owing to the presence of tiny inclusions of zinc oxide. Dr, F. C. Thompson, 3 in a short
note to the Institute of Metals soon after the War, drew attention to this problem, but its deleterious
influence on the character of the surfaces of finished products was far more fully realised by the
electroplater than by the most experienced of industrial: metallurgists.
I know, indeed, of few more fruitful methods of studying practical metallurgy than an electroplating
establishment which deals with a reasonable variety of metals. I would recommend its experience
even to those students of metallurgy whose aim is mainly laboratory research work. Certainly, my
own first real lessons in etching for microscopic or macrographic studies were gained by observing

the effects of electroplaters’ dipping baths, and these in turn led me directly to realise more fully the
importance of grain size and the influence of time and temperature of annealing.
The electroplating trade, with whatever metal it is concerned, depends for its reputation largely on
the quality of the surface finish of its products; and the beautiful mirror polish which, for example,
is characteristic of the finest grade of electro silver plate demands a well-nigh perfect surface for its
base. It may be worthwhile to point out that it is not merely in the preliminary stages of preparation
for electroplating that one has an excellent opportunity of studying the common defects of metallic
surfaces, but also in the subsequent polishing processes. It is here, indeed, that the product of the
rolling mill finds its supreme test.
But in the factories of metal users there are other departments than electroplating which offer wide
opportunities for the student of industrial metallurgy. Deep stamping, drawing and spinning
operations furnish excellent examples. A few weeks among power presses and stamps or in a drop
forging shop, or watching that fascinating operation of lathe spinning, will teach an observant man
much more about those somewhat elusive properties of metals we call hardness, toughness,
malleability, ductility, and so on, than many months in the laboratory with only the conventional
testing machines. I hope I may not be misunderstood here - I do not underestimate the value of
these latter, but they are of little use unless their results are interpreted in the light of industrial
experience in such departments as indicated.
In this connection I should like to recall a War-time experience. Earlier in my address, tonight, I
described a few of the difficulties we met in the manufacture of cupro-nickel. Some of the
difficulties at least arose through the inexperience of our workmen. Day by day I hoped that
difficulties of this type might soon be left behind, but progress seemed to me to be very slow. As I
studied the position, I felt increasingly that if I could only get the men to look at our problems from
this point of view of the user, we should take a decided step forward. 1 therefore approached the
head of one of our principal cartridge factories in the North of England and asked for permission to
bring a party of workmen engaged in the casting and rolling of cupro-nickel round that section of
his factory concerned in the manufacture of bullet envelopes. I explained fully my ideas and was
fortunate in getting his enthusiastic co-operation. The day we chose was a Sunday, when in any case
many of our men were not working, and a special shift was arranged at the factory, so that they
should have this opportunity of seeing every detail of the process of converting rolled cupro-nickel
strip into bullets for machine gun and rifle ammunition, even to the final firing tests which were
carried out before the finished ammunition could be despatched.
The result of this experiment was so successful that we several times repeated it. On every hand
remarks were made to me to the effect ‘‘We had not the slightest idea that the metal had to stand all
this” or “We can now understand why you are so particular.’’ It was the first time the majority of
these men had had the opportunity of seeing, at least connectedly, the manufacturing operations
through which their own product had to pass before it could become of use for its ultimate purpose,
and the experience gave them a new point of view,
Does not this apply equally to the technical staff of metallurgical works? The industrial metallurgist
who enters the laboratories or producing sections of our brass and copper, or nickel silver rolling
and drawing mills in this city of Birmingham straight from the university or technical college, has
much to learn even in the works to which he is immediately attached - his education must continue
for years, but if he is to gain a front rank as a technologist, he should and must indeed seek every
opportunity of gaining this experience that comes only from the study of the use of metals.
Now may I follow by a further reflection.

As I look back over these years, I am impressed with the vast advances made not merely in the
branch of metallurgy with which I am most closely connected but in the whole field of metallurgical
industry. The last generation has witnessed enormous strides particularly in the development of
alloys, but I am equally impressed with the immensity of the untilled fields that lie before us. It is
true that there are no new metals to be discovered, but we have scarcely touched the fringe of the
potentialities of alloy metallurgy so far as industry is concerned. I am gravely anxious as to the
future of our own country in this connection. Anyone who is familiar with the Continent cannot
help but be aware of the almost feverish activity now being displayed by our competitors there,
particularly Germany, in which latter country - as Dr. Freeth very timely reminded us in his recent
May lecture to the Institute of Metals - laboratory technique has reached a very high standard.
I believe British Metallurgists are second to none, but I do not consider that they are being given
adequate opportunities. And for this the leaders of our industries must largely be held responsible. It
is demanded of Research that it must pay as if it were a commodity that could be bought cheaply
and sold dearly.
I am now making a statement which some will say is highly controversial, but I make it after having
many opportunities of forming a fair judgment. The average businessman in this country - and
remember that very often he is the man in whose hands lies the ultimate control - has even yet only
the feeblest realisation either of the importance of research or of the value of widely educated and
adequately trained technologists in manufacturing industries.
What British industry needs today more than anything else is working leaders - educated in the
truest sense of the word - with width of vision and a sound and conscientious realisation of
responsibility for the future of a country whose prosperity or adversity depends almost entirely on
her manufacturing industries. The time is rapidly passing when it will be safe to entrust the conduct
of vitally important industrial organisations to men whose main claim to leadership is ‘‘family
connections” or success in gambling on the Stock Exchange.
It is surely becoming increasingly clear that more and more in the future, the leaders of British
industry will be, because indeed they must be, chosen by virtue of their knowledge rather than their
wealth or social position. One undoubted effect of this will be that the power, scope and influence
of the scientifically trained technologist will be enormously widened. 1 am impelled to point out
that this fact greatly increases the responsibility both of those responsible for the training of
technologists, and for those who themselves undergo the training. It will become, has indeed
already become, necessary for industrial technologists to have, in much greater degree than many of
them have had in the past, the practical outlook, and while using and applying the scientific
principle of their technical college or university training to the problems which they encounter, to
seek also with even greater ardour than they showed to win a degree, that insight into industrial
works processes, which is possessed for the most part at present only by the very highest grade of
skilled workers. I know something of the difficulty of all this. When a young metallurgist enters the
works, fresh from the university after three or more years of the atmosphere and language of the
lecture room and the laboratory, it is not by any means easy for him to understand the works
outlook or any appreciable number of the works problems. He finds that he has to breathe not only a
new atmosphere, but he has to learn a new language. He will be a wise man and a successful man in
just the degree in which he becomes adaptable to the one and sets himself to learn and thoroughly
understand the other.
I would like to make this my concluding note tonight, since, in spite of the serious depression in
trade through which we are passing, I feel more and more convinced that the technically trained and
experienced man is coming into his own, and the calls that will be made upon him in the future will
most certainly be more onerous and more responsible than in the past. I do not believe that this

country should take second place to any country in the world in respect of industrial technology, but
in order to attain and maintain a premier position, we must first of all see very clearly the nature of
the problems before us and assure ourselves that we are pursuing the right lines to their solution.
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POWDER METALLURGY.
J. C. Chaston, B.Sc, A.R.S.M.
(Lecture delivered to the Midland Metallurgical Societies at the James Watt Memorial Institute on
January 7th, 1937 E. A, Bolton, M.Sc. being in the Chair and some 50 persons present.)
Metal powder, produced mechanically in the form of filings, sawings, or the swarf from grinding
operations, has been known from antiquity; and the reduction of metal compounds by chemical
means has for long been a familiar operation in the laboratory; but the industrial manufacture of
metal powders in quantities amounting to hundreds of tons per year is a comparatively recent
development.
The first powders to be produced were probably gold powders for embossing, printing, and
decorative work. These were made by rubbing pieces of very thin gold-beaters foil on a wire sieve
so that they were torn and bent about into particles small enough to pass through the sieve openings.
The process was probably originated as a means of utilising scrap foil, but it grew to be a lucrative
industry which was centred. Round Nuremberg, in Germany. Most of the powder was later made
not from gold, but from copper-rich brass foil - Dutch metal or gilding metal - though it was, and
still is, perversely known as “bronze” powder.
This process, crude though it was, may be said to have constituted the whole of powder metallurgy
as practised a hundred years ago. This elementary industry, nevertheless, was characterised by
certain features which have been retained in the metal powder industry ever since. It was conducted
with the greatest secrecy (no description of the process was ever published as far as I know), it was
carried on with so much business acumen that it was exceedingly profitable to its promoters, and
the product was a powder which was fitted to intended use not only by its proper particle size, but
also on account of its particle shape. The particles were thin, leaf-like, and highly polished, with the
result that they readily formed an overlapping, continuous layer on any surface to which they were
applied and presented a brilliant golden appearance. This consideration of particle shape is of
utmost importance in powder metallurgy and may often be the determining factor influencing the
choice of process for powder manufacture. Many methods are now available for producing a copper
alloy powder which will, like the best “bronze” powders, pass through the apertures of a 300-mesh
sieve, but only those which yield leaf-shaped particles, about 200 times as wide as they are thick,
can be employed for making paint powders.
The first step towards the establishment of an industry of powder metallurgy such as now exists
may be said to have been taken just about one hundred years ago by a young man who was later to
become Sir Henry Bessemer. Being asked by his sister to letter the outside of a portfolio of flower
paintings, he found that “gold powder’ for the purpose, although made from brass worth 9d. per
pound, was only obtainable at a cost of 112/- per pound. In his autobiography, published in 1905,
seven years after his death, he writes “how trivial and how very unimportant this incident must
appear to my readers. It was, nevertheless, fraught with the most momentous consequences to me;
in fact, it changed the whole fabric of my life, and rendered possible that still greater change which
the iron and steel industry has undergone and with it the fortunes of hundreds of persons who have
been directly, or indirectly, affected by it.” This incident led to the development of a “bronze”
powder process which laid the foundation of his prosperity, is said to have brought him a profit of
3,000,000 pounds sterling in the thirty years during which he retained an interest in it and enabled
him to afford those experiments in steel manufacture which culminated in the Bessemer converter
and so led to an era of cheap steel.

The most extraordinary precautions were taken to keep the process a secret. It was carried out in a
building with no windows - only skylights - and for forty years no one entered the building with the
exception of Bessemer and his three brothers-in-law, who alone worked the process. The selling
price of the product is said to have been maintained at about thirty times the cost of production.
According to Bessemer’s account, the first process was to produce small threads of brass about 3/8in,
long by some sort of multiple machining operation in which cutters acted on 30 cast billets
simultaneously, giving an output of two to three thousand filaments per minute. The filaments were
then flattened by passing them through rolls 12 inches in diameter and 18 inches long, pressed
together by powerful springs. In order to prevent the particles from sticking together, and also to
impart a polish, three drops of olive oil were added to each pound of material. Further polishing was
carried out by repeatedly pouring the powder from a height, and it was then graded by an air blast
which carried the particles along a tunnel 40 ft. long by 2 ft. 6 in. wide. The particles distributed
themselves according to their size along the floor of the tunnel, the very finest being retained by silk
bags at the far end.
By suitable choice of alloy, a wide range of coloured powders was thus produced, and these were
further coloured by heating so as to produce oxide films on the surfaces. For many years, however,
the manufacture of silver-coloured powder was unsuccessfully attempted. Aluminium was not
available, and no white alloys yielded good flakes. The problem was eventually solved by Bessemer
by depositing tin on brass powder in a chemical tinning bath similar to that used for tinning
common brass pins.
Bessemer’s enterprise naturally attracted many imitators and competitors. Some he bought out, and
with others he came to terms. He supplied the whole of the German industry with powder at 25 per
cent. discount. It must be said, however, that his process, as described by him, does not appear
technically very attractive, and is possible that many improvements may have been incorporated in
later years. However, that may be, it is of interest to note that just when he retired from the business
in about 1880, handing it to his surviving brother-in-law, manufacture was commenced once more
in Germany, and this time by a new process, the stamp mill process. Very little information appears
available concerning the inventors of this process, though it seems to have been brought to an
advanced stage of development before 1893, by which date several patents on machine details had
been granted in Germany.
Until five years ago, the stamp mill process remained the only method for making leaf-like paint
powders. It is much sounder technically than the older process of Bessemer, it is fairly cheap to
operate, and it is well suited for producing paint powder from aluminium as well as from “bronze.”
The process consists in subjecting the metal to the action of stamps in a series of mills, in which it is
beaten out and broken up into flake-like particles. In order to prevent consolidation of the product, it
is usual to use progressively lighter stamps as disintegration proceeds and also to add small amounts
of stearine or olive oil. In a typical machine, twelve stamps are operated from a cam on a central
shaft, and act on the material in an enclosed chamber. In heavier machines, the working chamber is
sometimes left open, or closed only by leather washers. It is not usual to feed material continuously
to the mills, but to stamp in batches and to clean out the mills completely after operating for a
predetermined period. It is particularly important to guard against stamping for too long a time, as
this is said to produce a rough, useless powder. Patents have been taken out for continuous mills in
which the metal is automatically passed beneath a series of stamps graded in weight, but none of
these appear to have been worked commercially.
The material which is fed to the first mill is usually in the form of sheet clippings about one quarter
of an inch square and one tenth of an inch thick or less. These are often cut from edge trimmings
and similar sheet scrap. The “bronze” powders are made from metal ranging in composition from

pure copper to 70:30 brass, according to the shade required, while commercially pure aluminium is
used for “aluminium bronze” powders.
After leaving the last mill, the powder, although of the size and shape required, is relatively dull and
lustreless, and it is necessary to subject it to a polishing operation. This, an important and often
some-what dangerous operation (on account of the danger of explosion) is carried out in a
horizontal drum about 4 ft. long and 2 ft. in diameter, through which passes a shaft carrying radial
arms fitted at their extremities with short, stiff bristles. A charge of powder is placed, with a little
stearine or similar lubricant, in the drum and the shaft rotated for some hours at about 100 r.pm., to
cause the brushes to. rub the particles against the side of the drum and polish them. In this
operation, as in stamping, choice of lubricant is of considerable importance to the speed of
operation and the character of the surface finish.
“Bronze” and “aluminium bronze” powders made by these processes consist of fine, thin, brightly
polished flakes, covered with a thin film of lubricant. This grease is valuable in protecting the
powder against tarnishing when it is used for decorative purposes, but it renders the powders less
valuable for chemical purposes such as for calorising or as a precipitant. Chemical action between
the grease and metal is probably responsible for the improvement in appearance which is considered
to take place when these powders are stored for a few months. After mixing with paint and varnish
vehicles, however, the colour tends to deteriorate, possibly on account of solution of the grease in
the solvent. It is therefore usual to make up aluminium paints immediately before using. In size, the
particles range from 0.3 to 1.3 microns in thickness and have a width from 5 to 200 times as great as
this.
The stamp mill process which has been described had a long innings as the sole commercial process
for the production of paint powders. For a great many years - until a few years before the war - it
was kept a closely guarded secret in all its details, and manufacture was confined to a family group
of German producers, who purchased their machines from one machine constructor, who was under
agreement to supply no one outside the ring. Just before the war, however, demand abroad led to the
erection of mills in Canada, America and France. Then, during the war, production was started in
this country, and successfully carried out in Newcastle, as well as elsewhere. The process is still
worked in Germany and there was at least one mill in this country a year ago. It has, however,
several disadvantages. The output is not large, control of particle size and shape is not easy,
operating expense is relatively high, and when aluminium powders are made—it must be regarded
as a hazardous process. Aluminium powder may in certain circumstances form an explosive mixture
with air, and some disastrous explosions have occurred in its production.
In an endeavour to overcome these difficulties, a process has been developed by the “Hametag”
Company of Copenick, Berlin. Fundamentally, the action of the Hametag mill, or the Impact Ball
Mill, as it may be called, is precisely the same as that of the stamp mill. The metal particles are
repeatedly pounded by a falling weight. The difference, however, is that the impact is produced, not
by stamps, but by a shower of falling balls. A Hametag mill is shaped like a long, horizontal
cylinder, fitted internally with a series of longitudinal fins, like shelves, which lift up the balls and
the charge and then allow them to rain down. The shelves extend inwards for a distance equal to
about one third the radius of the cylinder, and the balls are quite small in size, and occupy about one
half of the volume of the mill. The great advantages of this mill are that, unlike a stamp mill, it can
be maintained full of an inert gas which, besides definitely guarding against any risk of an
explosion, can be used to remove the particles as soon as they have been reduced to the desired size.
The first plant to operate this process was opened in this country in 1932, a second being started at
Chambery in France two years later. The foil or sheet, after being cut to pieces about one tenth of an
inch square, is fed into the mill from a hopper; and, after grinding, the powder is removed by a
cyclone separating system. It may be remarked that the separating system, besides ensuring the

production of a very uniform product, acts as an efficient and economical method of transport. The
mill and separating system are supplied with inert gas made by the combustion of heavy oil in a
special burner. The powder removed from the mill is delivered directly to the polishing drum at its
side, thus eliminating any intermediate handling. The inert atmosphere is, of course maintained in
the polishing drum as well as in the mill, Great attention is paid to the amount and nature of the
grease added in order to produce a uniformly brilliant product and prevent agglomeration. It is very
interesting to note that it is said to be necessary also to add occasionally small amounts of an
oxidising substance to the mills with the aluminium, otherwise the powder produced in the slightly
reducing atmosphere has such a clean, reactive, surface that it is pyrophoric and liable to ignition on
being discharged. In these mills, the weight of the charge has a considerable effect on the efficiency
of reduction and also on the shape of particle produced. In order to maintain the closest control over
the product, the extreme step is therefore said to be taken of mounting the whole of the mill on one
arm of a weighing machine, and so obtaining a continuous record of the weight of charge at all
times. The plant appears to work with very little attention, is operated twenty-four hours a day, and
has an output variously estimated as between 10 and 60 pounds of powder per hour. Information on
the process is still somewhat scanty, but it appears to have in the last three or four years definitely
established itself as a serious competitor of the stamp mill.

So far, the production of flake powders from aluminium and the copper alloys has alone been
considered. For many purposes, powders of other shapes are required, often from metals not nearly
as malleable as those so far dealt with. The methods which have been developed for making these
are very numerous, as can be seen from Table 1, in which 17 main processes have been grouped in a
rough classification. It will be seen that the same metal can often be powdered by several processes,
each of which produces a distinctive shape of particle.
It is, in fact, often possible. to determine by microscopic examination which process has been used
to make a given sample of powder. Metal powders can be made either from the metal itself or from
one of its compounds, and these may be in either the solid, liquid, or gaseous states. The methods of

pulverizing solid metal are particularly interesting and can be carried out in three different ways.
Almost all metals can be fractured across the crystals, either by machining or by repeated working,
and the processes already described operate on these principles. Some metals, however, can be
pulverized by fracture on cleavage planes, and others by breaking the crystals away from one
another, after suitable preliminary treatment. Many molten metals can be atomised by an air or
steam blast, aluminium can be powdered by stirring the metal while it is solidifying, and metal
vapours can often be condensed to droplets. Metal powders have been made from chemical
compounds by (a) reduction of a solid compound by heating in a stream of hydrogen (b)
replacement of one metal in solution by another metal in conditions which result in the deposition
of a powdery product (c) electrodeposition from a solution of molten electrolyte under conditions
which result in a powdery mass or a dispersion of fine particles (d) thermal decomposition of a
gaseous compound - in particular, a metal carbonyl. It may be of interest to consider some of these
processes in rather more detail.
Magnesium Powder.
A very simple process is used for making magnesium powder. Special milling cutters are used
simply to cut small chips from a block of the solid metal, and these irregularly shaped, slightly
curved particles are graded by the use of woven wire sieves. The particles vary from 75 to 300
microns in diameter, and often bear the impression of the tool marks. The irregular shape and the
curved nature of the particles is an advantage as it prevents them from packing too tightly, and thus
makes it easier to ignite a heap of the powder.
Hametag Eddy Mill Process.
In addition to the impact ball mill already described in which the metal is flattened out by impact
and then presumably broken. up into small flakes by repeated bending, the Hametag Company are
responsible for an earlier process for pulverising malleable metals by repeated working. Attempts to
do this in ball mills of the usual type result in producing rounded lumps of metal, and as these
cannot be bent about by further milling they will merely rub away at each other and at the balls and
casing of the mill, producing equal wear all round. The Hametag mill is a bold and ingenious
method of overcoming these difficulties. It is based on the principle that if all impact is confined
between the particles themselves, they will pound each other to pieces and will be given no
opportunity of wearing away the mill. A Hametag eddy mill consists of a casing in which, at
opposite ends, are mounted two large fans. These are rotated in opposite directions at high speed
and set up a most vigorous disturbance in the atmosphere inside, the main effect of which is to
establish two opposing eddies. Any material inside the mill is thus caught up in one or other of the
eddies and hurled round at high speed. In the central part of the mill the particles collide and here
pound and bend one another until they are broken up. All impact occurs between the particles
themselves and no falling balls, beaters, or other similar parts take part in the collisions. There is
thus little wear on the mill and no contamination of the powdered product. The metal is usually fed
to the mill in the form of short lengths of wire about 0.05 inch in diameter, previously chopped by a
rotary cutter to pieces one quarter to one half of an inch long. The feed to the mill is usually set at a
steady predetermined rate, and an equal amount of ground product also removed. The material
which is removed is usually classified by a cyclone separator and the oversize returned for further
grinding. It is usual also to supply the mills with an atmosphere of coal gas to prevent oxidation.
The particles produced in these mills vary over a fairly wide range of sizes, and in a typical sample
may range from about 5 to 75 microns in diameter, the larger one predominating. They. are, of
course, not lamellar but pebble shaped. Many exhibit a most characteristic appearance which is
perhaps best described as saucer-shaped, bearing a depression on one surface, probably caused by
impact with another particle.

This process always has for me a touch of the fantastic, but the fact is that it has been operated
successfully at a factory in Copenick, Berlin since 1923. The chief product has been iron powder for
the magnetic cores of the loading coils used in the German telephone system. In this country and in
America, other methods (which will be described later) have been used for making the iron powder
for this purpose. These loading coils are connected at intervals of about one mile in long distance
telephone circuits for the purpose of adding magnetic inductance. Their effect is to reduce the rate at
which the signal strength fades in its passage along the line and also to minimise the distortion.
They are made by placing a winding over a magnetic core of as high a magnetic permeability as
possible but one in which losses from eddy currents are as small as possible. To meet these
requirements the core is made up of finely powdered particles of iron or a magnetic alloy and the
particles are each coated with a thin film of insulating material. In making powdered iron cores, the
iron particles may be tumbled in an alcoholic solution of shellac, the solvent driven off, and the
coated particles pressed to shape under about ninety tons per square inch. If the operations are
properly carried out, the insulation between the particles does not break down and the core behaves
as a composite of perfectly insulated particles under normal operating conditions when the voltage
induced is quite small. Somewhat similar cores are also used is the tuning coils of wireless receivers
in order to allow the size of the coil to be reduced to cut down losses and to simplify shielding. For
this application, where the frequencies of the currents are very high, it is desirable that the iron
powder should be of as fine a size as possible.
Although iron powders have been the principle product of the Hametag Mills, they may be used for
powdering almost all metals. A small amount of copper powder is believed to have been produced
for pressing to copper-graphite commutator brushes and samples of an extraordinarily wide range of
metals and alloys, including even armour-plate have been made experimentally.
Grinding Cleavable Metals.
Metals such as antimony and bismuth which have a well-marked cleavage plane do not behave like
malleable metals and can be readily reduced to powder by grinding in a simple ball mill or, on a
small scale, in a pestle and mortar. Both these metals are used for pharmaceutical and chemical
purposes.
Grinding Metals Having Intercrystalline Brittleness.
A method of making powdered metals which can be utilised with a limited number of metals and
alloys is to impart to them the property of intercrystalline brittleness, and then to break the crystals
apart by some such means as grinding in a ball mill. So far, this principle has been utilised with
success for powdering iron and also nickel-iron alloys. When making iron powder the metal has
been produced as a fine-grained, brittle deposit by electro-deposition. When powdering nickel-iron
alloys, however, other methods of securing a fine-grained brittle aggregate are employed. The alloy
is first made in a brittle form by suitable melting procedure, and then rendered fine-grained by hot
rolling.
(a) Electrolytic Iron Powder.
The electrolytic iron process was originally suggested by G. W. Elmen in American patents in 1919
and was developed in the Bell Telephone Laboratories, New York, by a number of workers
including Speed, Butterfield, White and Woodruff, as a means of making iron powder for loading
coils. An electrolyte containing ferrous sulphate and chloride and ammonium sulphate and chloride
is used and is maintained just on the acid side of neutrality by periodic additions of sulphuric acid.
The anodes are of mild steel, and by using a current density of about 12 amperes per square foot, a
fine-grained deposit, brittle on account of its occluded hydrogen, is deposited on polished steel

cathodes. The deposit is allowed to grow to a thickness of about one quarter of an inch, and it is
usual to add a little glue to prevent excessive treeing. The cathodes are washed, the deposit stripped
off, broken into small pieces, and ground down in Hardinge conical ball mills. The particles are
usually produced of a size to pass an 80 mesh sieve and vary from about 40 to 180 microns in
diameter. Many hundreds of tons of iron powder have been made in the past by this process in
America and Fngland, but at the present time iron powder is being superseded by nickel-iron alloy
powder, and the process has been almost entirely discontinued,
(b) Nickel-Iron Alloy Powder.
In making powder from this material (Permalloy), the first step is to produce an alloy of iron with
70 to 90 per cent. of nickel which shall possess intercrystalline brittleness. This operation is carried
out by omitting the usual deoxidisers of manganese and magnesium, when making the alloy from
Mond or electrolytic nickel and Armco iron. By careful control of melting operations, it is possible
to secure ingots which consist of long needle-like crystals which can easily be broken away from
one another but are themselves quite malleable. In this condition the crystals are far too large to be
of any use for making dust. It was found, however - largely as the result of work carried out by C. P.
Beath and H. M. Heinicke of the Western Electric Co. of Chicago in about 1925 - that the ingots,
although really nothing but a collection of large crystals weakly cemented together, would hold
together strongly enough to allow them to be hot rolled at a high temperature. By this means the
crystals can be broken down and reduced to a size fine enough to give fine particles. It is somewhat
extraordinary to find that the small crystals produced by recrystallisation during hot rolling have
boundaries which are every bit as brittle as those of the primary crystals formed on solidification.
The intercrystalline brittleness of the primary crystals is most likely due to the presence at the
crystal boundaries of a thin, weak, easily melted film of Ni-Ni 3S2 eutectic which freezes last during
solidification and thus forms round each crystal. Presumably, the nickel sulphide goes into solution
at the high temperatures used in hot rolling and is thrown out at the new crystal boundaries when
the alloy is cooled once more. In practice, hot rolling is done in a series of stepped rolls, the process
being so adjusted that by the time the last roll is reached, the temperature is too low for hot rolling
to continue satisfactorily. The metal then breaks up in the last pass and emerges as a shower of
small fragments about 4 inches long, 1½ inches wide, and ¼ inch thick, which are collected into a
heap with shovels. The small fragments are pulverised in ball mills or similar machines, sieved,
insulated, pressed to shape, and heat-treated to give magnetic powder cores. The dust particles
produced by this process are about 75 microns in diameter and are very uniform in size.
Atomised Metals.
Considering now processes which produce powders directly from the molten metal, it is obviously
possible to do this by directing a blast of steam or compressed air against a stream of molten metal
and collecting the powder in water. Aluminium is granulated in this way, and is produced as a dark
grey, more or less spherical powder which is, of course, free from grease and is more suited than
paint powder for chemical work. It is used for calorising, for thermit, in ammonal explosives, in
fireworks, and as a precipitant for gold and silver in the cyanide process.
Lead powder is also made by a similar process and is used to some extent in this country for
protective paints. It is produced in the form of very small spherical particles about 8 microns in
diameter, and when mixed with an oil vehicle yields a paint for which good protective properties are
claimed when it is applied to steelwork. Lead tin alloys are also powdered on a small scale by this
process and ate used for making soldering pastes.
An alternative method by which certain molten metals and alloys can be broken up is by agitation
during the process of solidification. If aluminium is shaken vigorously or even stirred in a crucible

as it cools from the molten state it will break up into small particles. The effect with this metal is
most likely due to the rapidity with which aluminium oxidises. The small globules formed by
agitation become at once covered with a skin of oxide, and thus are unable to coalesce into a solid
mass. The particles are comparatively coarse - about 250 microns in diameter – and the powder is
sometimes used for thermit. Alloys which have a wide interval between liquidus and solidus can
often also be powdered by a similar method, if they are agitated while they are in the pasty state.
Rees has recently described the use of an impeller-type disintegrator for this purpose. When driven
at a speed of 1500 r.p.m. and fed with a pasty alloy of lead 50, cadmium 30, and tin 20 per cent. at a
temperature about 10 degrees below the solidus, an output of about 2 cwt. of 200 mesh powder is
obtainable per day.
Condensation of Metal Vapour.
By suitable choice of conditions, it is sometimes possible to cause a metal vapour to condense in the
form of powder. The zinc dust which is formed in the receivers of zinc retorts is the best-known
powder of this type. The presence of a large volume of neutral gas acting as a diluent, and possibly
also of a trace of oxygen to form a thin oxide skin around the particles, are the chief factors
necessary for its production. Zinc dust is used as a precipitant in the cyanide process for the
recovery of gold, as well as in other chemical processes. By working under reduced pressures,
magnesium powder is also said to be obtainable by condensation.
Reduction of Chemical Compounds to Powder.
A large number of metal compounds can be reduced to the form of metallic powders, either by
heating the finely divided solid in a stream of hydrogen at a temperature below the melting point, or
else by precipitation from a solution. Tungsten, molybdenum, iron, nickel, and cobalt are examples
of metals which have been industrially produced by reduction of their oxides. The manufacture of
tungsten and molybdenum powder is, of course, the first stage in the production of these metals in
the ductile form and is carried out on a very large scale. The particle size and purity of the oxides or
other compounds used as the starting point in this process have a pronounced influence on the size
of the metal particles and need to be kept under careful control. Time and temperature of reduction
also exert a large influence on particle size of product. The only use of the principle of chemical
precipitation in the industrial production of metal powders is in connection with the manufacture of
tin-coated paper for the manufacture of Mansbridge paper condensers. Tin powder is first made by
precipitating from stannous chloride solution with scrap zinc. The powder is washed, mixed with
adhesive, and spread on paper which is afterwards heavily calendered.
Electro-deposition of Metal Powders.
Electro-deposition of a metal directly in the form of a powder is a process which has had a
considerable attraction for inventors, but the many difficulties have only recently been overcome.
Copper powder is now, however, being produced commercially in America by the use of high
current densities, rapid circulation of the electrolyte, and suitable addition agents. These conditions
result in the deposition of a loosely adherent, pulverulent deposit, which is probably scraped off
continuously from a revolving cathode. It has been proposed to enclose the bath completely in a
neutral atmosphere to prevent oxidation. The powder has a rough fern-like appearance, and nodular
growths are common. These irregularly shaped particles make the product especially suitable for
pressing to porous bearings. In making these, a mixture of 90 per cent. of powdered copper with 10
per cent. of powdered tin is pressed, usually with the addition of a little graphite, to the desired
shape under a pressure of about 20 tons per square inch, and then heated to 800° C. to sinter the
particles together. Slight expansion occurs during this process, and the result is a strong, ductile,

bearing of which as much as half of the volume is taken up by air pores. The bearings are
impregnated with oil by a vacuum process, and thus become self- lubricating in service.
Carbonyl Process.
Finally, mention must be made of a new process, developed by the German I. G. Farbenindustrie,
by which powders are made by the thermal decomposition of gaseous compounds – in this case the
metallic carbonyls. Iron carbonyl, Fe(CO)5 and nickel carbonyl, Ni(CO)4 are gaseous above 103°
and 43° C, respectively, and on heating to higher temperatures they decompose, yielding the metal
and carbon monoxide. If the decomposition is properly carried out, the metal can be obtained in the
form of almost perfect spheres, of sizes ranging from one half to 5 microns in diameter. The way
that they are made appears to be by introducing the gas into a large container so that decomposition
takes place in the hot free space, and not in the neighbourhood of the walls. A method which has
been patented is to mix cool carbonyl vapour with a stream of hot inert gas, the mixing being
carried out in a vessel having cooled walls. There is thus no tendency for decomposition to occur by
the deposition of a film of metal on the walls of the container. Iron carbonyl is usually decomposed
below 400° C., and the reaction is assisted by the presence of a little freshly decomposed iron and
by traces of ammonia. The powders so obtained are claimed to be remarkably pure, and are
certainly free from other metals, sulphur and phosphorus, but it must not be overlooked that they
invariably contain appreciable amounts of carbon and oxygen. Besides being used for making
nickel and iron powders, the process has also been employed for making powdered alloys of these
metals by decomposing a mixture of the carbonyls. The resulting powders are preferably annealed
to allow them to diffuse to a uniform solid solution. Carbonyl powders have found an application in
the manufacture of magnetic cores for loading coils, radio tuning coils and similar purposes, and it
has also been proposed to use them for making solid articles by a process of pressing and sintering.
Powder Metallurgy.
This process of making either billets which can. later be forged or rolled or even finished articles
from pressed and sintered powders has been called “Powder Metallurgy” in America, and an
important future has been prophesied for it.
As a matter of fact, Powder Metallurgy has, of course, been practised for many years in the
manufacture of ductile tungsten and molydenum. These metals are melted only with great difficulty,
and when cast are always brittle and unworkable due, it has been suggested, to the segregation of
gases at the crystal boundaries. At temperatures well below the melting point, the oxides of these
metals can, as has been described, be reduced to powder in hydrogen. The powder is then pressed
into short bars about 6 inches long by a quarter inch square in cross section, under about 24 tons per
square inch. These are sintered to a coherent mass by heating in hydrogen, and, after careful
consolidation under swaging hammers, a malleable product results which can be rolled or drawn to
sheet or wire. The mechanism by which the particles weld together to a solid mass is of interest. At
least two phenomena are involved. The particles first adhere together by some process probably
resembling diffusion - possibly in the same way as sheets often stick during close annealing. In
addition, grain growth and recrystallisation occur, colonies of the coalesced particles growing to
form relatively large crystals. Moreover, not only do the particles stick together, but the voids
between them appear to be filled up during sintering. As a result, considerable shrinkage takes
place, even before any work is put on the material. The temperatures required to cause grain growth
and consolidation have been shown to be affected by the pressure used in forming the bars, the size
of the particles and the time of heating. In the manufacture of ductile tungsten, molybdenum and
alloys of these, the methods of powder metallurgy alone have enabled a commercial product to be
obtained.

Similarly, methods of powder metallurgy have alone made possible the production of the hard
sintered carbides, such as Widia, Carboloy, etc., used for cutting tools and where extreme hardness
and abrasion resistance are required. These are made by mixing carbides of tungsten and
molybdenum in the powdered form with small amounts of nickel and cobalt powders which, on
sintering, form the cement which holds the hard particles together. The carbides are made by
heating the metals with lampblack in a controlled atmosphere, the mixed powders pressed, and then
sintered at about 650° C. to yield a soft, chalky intermediate product. After this has been formed
roughly to the shape required by cutting, the material is finally heated at about 1350° C. in
hydrogen. At this stage there is a shrinkage of about 15 per cent.
More recently, it has been proposed to make nickel, iron, and nickel-iron alloys in a state of unusual
purity, free from manganese and other deoxidisers, by sintering powders made by the carbonyl
process. Sintering is carried out by heating to 1200° C. for two hours in a closed container and it is
claimed that in this operation the traces of carbon and oxygen which are present combine and are
driven off as carbon dioxide and monoxide. Immediately after sintering, the mass is forged or hot
rolled, and the resulting billets formed to sheet or wire. Nickel formed in this way is said to be
exceptionally malleable, to have good drawing properties, and to take a good polish. Carbonyl iron
is probably the purest form of iron commercially obtainable. Production of these pure metals,
however, does not appear to have progressed much beyond the experimental stage, is probably
fairly expensive, and speaking generally, the properties of the sintered metals do not appear to be
sufficiently striking to warrant the extra expense. A small amount of nickel-iron alloy sheet has been
made, and superior magnetic properties have been claimed for it. The sintered metals have clean
grain boundaries and do not show any traces of their origin when examined in section under the
microscope. It seems doubtful, however, if their purity is as great as is sometimes assumed, as
traces of carbon and oxygen can never be entirely eliminated, and gases from the atmosphere in
which sintering is carried out are very probably absorbed to some extent.
A more valuable use of powder methods would appear to lie in the development of new alloys, and
in particular of mixtures of metals with non-metals, which can be made by no other method. Fine
grained iron throughout which small particles of silica are uniformly dispersed is an example of
such material. The silica particles hinder grain growth, and such iron finds application in the
manufacture of certain types of vacuum tubes. Welding rods in which the flux is incorporated have
also been made by powder methods. For such special purposes, the method has undoubtedly great
possibilities, and if in the future these are extended there should be no lack of methods, as I hope
this paper will have shown, for producing any kind, shape, or size of metal powder which may be
desired.

DIE-CASTING.
A. C. Street, Ph.D.
(Fry’s Diecastings Limited.)
(Being a lecture delivered to the Midland Metallurgical Societies at the James Watt Memorial
Institute on November 4th, 1937. W. F. Brazener, Esq., in the chair and some 80 persons present.)
First of all, I would like to review very briefly the scope of the die-casting industry. Die-casting is a
process which especially lends itself to the production of bulk quantities of metal fittings. Usually,
parts which are produced by die-casting are required in numbers of anything between 200 and
2,000,000 per annum. The weight of die-cast components generally ranges between half an ounce
and twenty pounds, although of course both lighter and heavier die-castings are made. The process
is mainly applied to the non-ferrous metals of low or medium melting point and I should say that
ninety per cent. of the die-casting production in this country is made up of zinc-base and
aluminium-base alloys.
Everybody knows that die-casting has three striking features which make it attractive from an
economic point of view. A die-casting is cheap, it can be manufactured at high speed of output and
lastly, particularly in the pressure die-casting process you obtain an accurate product which is a
close approach to the finished job. There are two chief methods of production, known as the gravity
and the pressure processes, and I should like to consider these two methods side by side and to think
about the special advantages and limitations of both of them.
In gravity die-casting the operations of the ordinary foundry are quite closely reproduced. The
mould is opened and closed by hand, cores are inserted and extracted by hand and the metal is hand
poured. The only real difference between the making of a gravity die-casting and a foundry casting
is that the cores and the mould itself are permanent and made of steel or cast iron.
On the other hand, the pressure process aims at being automatic in its operation and, so far as
possible, the human element is reduced to a minimum. The mould is mounted on slides, one half
being fixed and the other half moveable and in modern machines this die is opened by a hydraulic
plunger and held together during the casting operation by the same means, Cores are inserted and
withdrawn mechanically and when the finished die-casting is made it is ejected from the mould by
an automatically operated ejector mechanism. The fundamental difference, however, between the
two processes is that in pressure die-casting the metal in a liquid or pasty condition is squirted into
the die under a very high pressure. Before I go any further, and just in case there are some members
here to whom the die-casting process is comparatively unfamiliar, I will show you a few slides
illustrating the gravity and the pressure die-casting processes, and the products of these two
methods.
There are very wide differences between the operation and products of these two processes, but
because in this country both gravity and pressure production are grouped under the general heading
of “Die-casting,” people often fail to realise how definite is the boundary between gravity and
pressure die-casting, Because the pressure casting is produced under extremely high working
pressure, its accuracy will be superior to that of the gravity casting. We find that whereas the gravity
die-casting will be accurate to about 0.005in. per inch, the pressure product will be accurate to
between 0.001 and 0.002 inch per inch, For the same reason the finish of the pressure casting will
be brighter and sharper than the gravity die-casting, although of course, even a gravity casting will
have a better surface appearance than the ordinary foundry casting.

It is usually easier to cast small holes in the pressure die-casting and to produce articles with thinner
sections: For instance, you can die-cast a zinc-base alloy pressure casting with a section of 1/32in.,
but to make a successful gravity casting in the same metal, the wall thickness would probably have
to be twice as much, On the other hand, because the gravity die is operated manually you can
frequently obtain more complexity - I mean that if a design is so heavily undercut that cores must
be manipulated in order to withdraw them, it is most likely that the gravity method would be a more
satisfactory way of doing the job. Thus, automobile pistons are usually made by gravity die-casting,
because this process allows the manipulation of built-up cores to make the undercut portions.
A gravity die is quite a simple affair - it does not have to be made with the extreme accuracy of the
pressure mould and because it is not subjected to the erosive effect of metal under pressure, the
gravity die can often be cheaply made of cast iron or mild steel. The setting-up time of the gravity
die is small compared with the setting-up time for the pressure mould, and because of this, coupled
with the lower expense of the gravity mould, the process can be applied with economic success for
numbers of the order of 500 to 1,000 die-castings per annum. The pressure die must be precisely
made. In most cases it must be sunk in an alloy steel which is subsequently heat-treated. We have to
provide the die with core operating mechanism, ejector mechanism and water cooling. Further, this
expensive die has to be set up with great care on a die-casting machine whose initial cost, running
expenses and overhead charges are considerable. Because of all this it is not usually economical to
apply pressure die-casting to small number production. It is generally reckoned that pressure diecasting becomes of value when the quantities required exceed 5,000 per annum.
You can think of it something like this. If I wanted to cross the river Rea I should take off my shoes
and paddle across; if I wanted to cross the Edgbaston Reservoir I should row across; but if I wanted
to cross the Atlantic I should find that the best way to go would be by the highly intricate and
expensive bit of machinery called the “Queen Mary.” In each case my method of transport would be
the most suitable, quickest and most effective way of making the journey. On similar lines, if I
wanted to make half a dozen castings, I should sand cast them; if I wanted a thousand castings |
should gravity die-cast them, and if 1 wanted ten thousand or one hundred thousand, [ should most
probably use the pressure die-casting process.
I want you to imagine a foundry with a die- casting mould standing on the bench at one end. We
will imagine that we have a die- caster whose name is Billy Quaife and we will ask him to make a
gravity die-casting. Quaife1 fills his ladle with liquid metal and walks gently up to the die and with a
beautifully smooth action pours the liquid metal into the mould. Then we will suppose we want a
pressure die-casting made and this time we will invite another die-caster, named Harold Larwood to
do the job. Larwood goes to the other end of the foundry, takes a long run, swings his arm over and
with all his force hurls a cannon-ball delivery of liquid metal into the die.
I’m afraid that this is a very silly way of comparing the two processes, but perhaps it does make us
conscious of the fact that events in the pressure die are so violent that we must make allowances for
the effect of the rapid chilling on the structure of the alloy, and we must bear in mind the picture of
the high velocity jet of turbulent metal as it is injected into the pressure die. You can compare the
state of the metal in a gravity die-casting to the Panama Canal and in a pressure casting to the
Niagara Fails.
One of my colleagues sometimes compares the making of a pressure casting with putting a sponge
into the die and then wringing the sponge out. The metal enters the die in the form of a turbulent
spray and this metal is bound to be accompanied with the air, which was previously contained in the
mould and crucible, consequently the venting of a pressure die must be skilfully arranged. In many
1

Billy Quaife was a test cricketer who bowled leg breaks as well as being a noted batsman. Harold Larwood was a
fast bowler.

cases the join at the two halves of the die is sufficient to allow the escape of the entrapped air, but
for complex jobs special venting grooves have to be arranged. The skilful venting of a pressure die
is one of the most important points in the production of a satisfactory die-casting.
In recent years it has been realised that there is another important factor to be considered in the
manufacture of a pressure die-casting and this is the working pressure. I think it would be obvious
that if the condition of the metal when it enters the die may be compared with a sponge, then to
wring out our sponge completely it becomes necessary for us to apply a very hard squeeze, and in
practice it is found that the application of high working pressure does mean that a more solid
product is obtained. But high pressure must not be used in an uncontrolled way because if a die is
unscientifically vented, badly made and run in the wrong position, the effect of the high pressure
will be to magnify the effects of these faults.
You can look at it this way. If you put a beginner with an “L” sign in charge of a 4¼-litre Bentley
Car, you would quite rightly anticipate disaster and an inquest, but in the hands of an expert a
Bentley is a marvellously satisfying piece of machinery. So it is with pressure die-casting - better
results are obtained by casting at a high working pressure but the control of the machine is of
extreme importance and the making of the die, the venting, position and size of the runner and the
operating of the machine are of the utmost importance.
Most pressure die-castings have a pleasing and sharp surface appearance but there are, even to-day,
far too many whose insides show that the sponges have not been completely wrung out. Possibly,
we who are engaged in the die-casting industry should make ourselves more conscious and critical
of the internal condition of the die-castings which we produce.
In certain cases, the design of a part is such that solidity is almost impossible to attain. Here is a
slide showing a simple pressure die-casting likely to give porosity trouble.
(The part is a cylinder with a central cored hole. If the die were parted down the axis, solidity would
be easy to attain, but the parting line would show on the outside of the casting and further, the
central hole would not be accurate. The alteration is to cut the cylinder into the solid die and core in
the direction of the parting. This leads to air being entrapped at the base of the cylinder and a small
percentage of die-castings are found to contain cavities at the base).
Choice of Alloy.
I now want to turn to a different aspect of the question and consider some of the alloys which are
die-cast. In choosing an alloy suitable for die-casting there are three main factors which we have to
consider:
(1) The raw material cost.
(2) The physical properties of the alloy rendering it suitable for the particular job.
(3) The suitability of the alloy for production by die-casting.
I have got here a chart listing the various alloys which are die-cast and I have divided them into five
groups according to their melting point. I suggest that we keep this chart in front of us for reference,
while I talk about the three factors I have just mentioned.
(1) Raw material cost must be considered but it is not of paramount importance. You have to
remember that because of the solidity and fine grain of a die-casting, its strength is usually higher
than a corresponding foundry casting. Further, in most cases it is not necessary that subsequent
machining operations are required, so that quite often you find that when a part is die-cast its ruling
section is deliberately reduced and consequently, the amount of raw material in it becomes lessened.

In any case the saving in finishing represented by the use of a die-casting makes it possible to use
materials which at least, are not dirt cheap. The main problem is the selection of an alloy which will
die-cast well and which will have properties that are worth of the general finish of the die-casting to give an example, it is found that amongst the aluminium alloys the one which pressure die-casts
best is that containing about 12 per cent. silicon. This alloy happens to be one of the most expensive
of the casting alloys, but because it die-casts so satisfactorily, and because at the same time its
strength, corrosion resistance and so on are very good, the fact that its raw material cost is high is
not allowed to interfere with its extensive use in the die-casting industry.
Just one other little observation about raw material cost. Metal is bought by the pound, but in most
cases the weight of the article is not important for it is usually the size and bulk which is the
fundamental factor. Thus, a rod of zinc-base alloy one inch in diameter would weigh nearly three
times a similar rod of aluminium alloy and although the cost per pound of the aluminium would be
higher than the cost of the zinc-base alloy, yet there would be little difference in the cost per cubic
inch of the two metal parts. Further, it is not only size which is important, but the strength of the
material has to be considered and the real question of material costs devolves on attaining the
highest strength per unit volume at the lowest cost.
(2) Physical Properties. In choosing a suitable metal there are a number of questions which one
should ask oneself. Will the alloy be strong enough? Has the part got to withstand shock or
alternating stress? Does the part work in any specially corroding conditions? Does the part have to
be soldered? Must a special finish be applied to the die-casting?
(3) Die-castability. Both the user and the die-caster should consider whether the alloy will be
suitable for production by die-casting. You must consider the thermal effect, the erosive and the
solution effects of the liquid metal on the die steel. The alloy must be fluid at a temperature near its
melting point. The metal must not be hot short, or otherwise it will crack under the constraint of the
die. The alloy must solidify in just the right way or otherwise air may become entrapped in the diecasting.
Certain alloys, for instance, Aluminium Bronze is more suited to the gravity process and others such
as aluminium and zinc-base alloys are essentially pressure die-casting alloys. I suggest that we now
consider for a few minutes some of the points which I have mentioned relating to what | might call
the “die-castability” of various alloys. Most of what I have to say applies to pressure die-casting.
Solvent Effect.
The alloy which is used must not have any chemical or solution effect on the steel of the die. It is
possible to die-cast pure zinc providing that zinc of extreme purity is used and providing also that
the part to be die-cast is not very elaborate. But pure zinc dissolves iron so that the production of
such a die-casting would mean that in quite a short time the mould would become galvanized. There
are two means which might be adopted to prevent this, first, you could use a die steel, alloyed in
such a way that the zinc does not dissolve it. So far as I can make out, no one has ever seriously
tried this method. There is another much simpler means which can be adopted which would prevent
the pure zinc from attacking the iron. This is, to alloy the zinc with an element which renders it
incapable of dissolving the ferrous material. Such an element is aluminium, and I would like you to
see just one slide showing you the effect of aluminium additions on the solubility of iron in zinc.
You will see that with the addition of about 4 per cent. aluminium there is practically no danger of
the iron being attacked by the die-cast metal.

The Freezing Characteristics of the Alloy.
| consider this to be a most important factor in the consideration of the die-castability of an alloy.
Let us once again imagine the mechanism of the pressure die-casting alloy into a mould. The alloy
in the liquid or plastic condition is ladled into a metal container and some method is adopted of
injecting this metal at high velocity, into the mould. As it enters the die the metal is in a dispersed
and turbulent condition but with the continued application of pressure, all the air is forced away
through the vents and the solidifying metal is forged into a solid casting. The cooling is extremely
rapid because in most cases the die will be water cooled. This I think points to the supposition that
three things are of extreme importance.
(1) The alloy must be reasonably fluid at a temperature in the neighbourhood of its liquidus. This is
because the metal must flow through the interstices of the mould and completely fill it. An alloy
which was not sufficiently fluid would cause short runs in the die-casting.
(2) The alloy must not be hot-short at a temperature directly below its freezing point. If it were hotshort it would shrink on to the cores and the complexities of the die, so that the die-casting would
crack during cooling. For instance, if we tried to die-cast 70/30 brass, the brass which is hot-short
would crack before it could be removed from the die. A zinc-base alloy with more than 0.1 per cent.
of magnesium would be hot-short and would also crack.
(3) There is another factor which I do not think has often been stressed in discussions on pressure
die-casting, and that is the freezing range. Once again, I would refer you to my suggestion that the
production of a pressure die-casting is something like making a sponge and then squeezing it. If
during the squeezing of the sponge, it suddenly became as hard as rock you would not have much
success in removing all the holes. On similar lines I suggest that an alloy which is to be pressure
die-cast satisfactorily must have a short, though very definite plastic range directly after freezing, so
that it remains pliable while all the holes are being squeezed out of it.
Effect of the Die-cast Metal on the Mould.
Particularly in pressure die-casting the steel mould is affected by several influences which we may
divide into four groups:
(a) Thermal effect.
(b) Erosive effect.
(c) Solvent effect.
(d) Surface tension effect.
It is the joint result of these four factors which must be considered in discussing the effect of a diecast metal on the mould, although I should say that the thermal effect is of outstanding importance.
There will be no need to tell you that no hard and fast rules can be given for telling the anticipated
life of a mould—the die life will vary enormously with the size and complexity of the job, thus in
some cases a mould producing zine-base die- casting will give trouble after only 50,000 shots,
while other dies for the same alloy will satisfactorily produce as many as two or three million diecastings. For certain jobs a brass pressure die-casting may have a die life of four to five thousand
shots while with other die-castings in the same alloy as many as twenty or thirty thousand shots will
be achieved.
Not only is the thermal effect important, but the other factors I have mentioned above also come
into play. If zinc-alloy, aluminium alloy and 60/40 brass all melted at the same temperature of
400°C. the zinc would be easier to die-cast, brass would be a good second and aluminium would be

relegated to third place. Aluminium alloys have the double disadvantage of high shrinkage together
with a tendency to cling to the steel parts of the die. Consequently, in die-casting aluminium alloys
not only do we have to taper our cores nearly” ten times as much as we do for zinc-alloy, but there
is a perpetual likelihood of the metal sticking to the cores so that the mould becomes scored when
next the core is inserted into position.
If only brass did melt in the neighbourhood of 400°C. Then brass pressure die-casting would
present few problems. As it is 60/40 brass melts in the neighbourhood of 870°C. and although the
temperature of the die-cast brass is arranged to be so low that the metal is pasty and not liquid, yet
the thermal effect of the injected metal is so severe that the maintenance of such a die is a continual
problem. A chrome-vanadium steel is not good enough for a brass pressure die-casting and a
tungsten-steel has to be used to withstand the heat. The use of this steel, however, introduces a
peculiar problem because its thermal conductivity is so low that the heat cannot be transmitted away
fast enough. Frequently I have seen dies producing brass pressure castings working in a dull red
glow.
Generally, it pays to design a brass pressure die-casting so that the section is even all over - between
1/16in. and 1/8in. Heavy blobs of metal should most definitely be avoided and indeed it is not to be
recommended that brass pressure die-castings weighing more than a pound are attempted.
Elaborations such as cast threads should not be expected neither should long thin cored holes.
Usually when a die has been producing for several thousand shots, a series of very fine hair cracks
begin to appear on the die. In many cases of course, this deterioration of surface appearance does
not matter and in such cases, we can often expect a die life as much as 30,000 shots. I would
mention by the way, that the usual accuracy to be expected from a brass pressure die-casting is of
the order of 0.003in. per inch.
Designing for Die-casting.
Practically any shape can be die-cast, but it is important to remember that there are certain
complexities of design which will make the die-casting expensive because they tend to retard
production and because they increase the likelihood of die breakdown. I have often been told that in
the early days of die-casting, designs were attempted of such complexity that we certainly should
not try to die-cast them nowadays. Although we still appreciate that it is possible to die-cast almost
any complicated design, yet we have found that it is far more to the user's advantage to simplify the
design in such a way that it may readily be die-cast. There are several reasons why designers are
tending to co-operate with their die-casters in the early stages of planning for a new job. If a part is
designed specially for die-casting, we usually find that it is cheap to produce, it reduces to a
minimum the wear on the die and also the job specially designed for die-casting generally turns out
to be mechanically superior to a part which has been designed without reference to the needs of the
process.
Some designs are, of course, quite impossible to die-cast. I remember someone once asked me if I
thought he could have as a die-casting a spiral tube made of pure copper. My mind reels when I try
to picture the die to make such a part. Usually, it.is possible to decide whether a part is die-castable
or not by making a mental picture of the operation of the die and trying to imagine the steel cores
being inserted and extracted. For instance, it would be most difficult to die-cast a bottle because if
the inside of the bottle were made with a one-piece core, it would be impossible to withdraw that
core through the neck of the bottle after the casting had been made. At the same time a bottle shaped
article could quite easily be produced if two separate die-castings were made, one die-casting being
the main body and neck of the bottle and the other part being the base; the two die-castings would
then be joined together afterwards. When the design of a part is such that cores cannot be
withdrawn in a straight line from the finished die-casting, we are confronted with the problem of

what we call “undercuts.” Some undercut designs, for instance a bottle-shaped article, are
commercially impossible to die-cast. But there are other types of undercut which can be produced
reasonably simply by the die-casting process although it is important to remember that an undercut
design will always be comparatively more expensive than a design involving the straight
withdrawal of cores,
There are three methods which are adopted for producing undercuts in a die-casting. If the undercut
can be arranged to be shaped in the form of the arc of a circle, it is possible to withdraw the core
which makes this part by rotating the core on an axis.
In some cases, we can employ what are usually called “knock-out” cores; that is to say when a diecasting has been produced it is arranged to be extracted from the mould with one section of the core
still locked together inside the undercut portion of the die-casting. The part is taken to a bench and a
separate operator dismantles the knock-out core.
In the gravity die-casting industry, there is another method which is really similar to the knock-out
core principle. In gravity die-casting, because all the cores are inserted and extracted by hand, it is
frequently possible to make a collapsible core which can be withdrawn piece by piece from the
undercut portion.
There are a number of well-known principles which I need only mention in passing - the section of
a die-casting should be arranged to be uniform and most certainly there should never be any abrupt
transition from a heavy section to a thin wall. Sharp corners should be avoided wherever possible
because they introduce planes of weakness; it is usually feasible to radius all corners. Large areas of
flat surface should, where possible be broken up by ribbing. Cored holes should, when convenient,
be arranged so that they are assembled in as few planes as possible. Lettering and other decorative
features can usually be included in a die-casting, but lettering and so on should be raised on the diecasting so that the letters can be easily and cheaply sunk into the mould which produces that part.

HIGH SPEED STRIP ROLLING.
C. E. Davis, Esq.
Messrs. W. H. A. Robertson & Co., Ltd.
(Being a lecture delivered to the Midland Metallurgical Societies at the James Watt Memorial
Institute on 15th March 1938, T. G. Bamford, Esq, M.Sc., AI.C., being in the chair and some 90
persons present.)
The present time is perhaps an opportune moment to review the question of high-speed rolling of
both ferrous and non-ferrous strip metal, as the progress towards higher rolling speeds during the
last ten years has been remarkable, especially in this country where a decade ago few men in the
cold rolling industry were prepared to consider any mill working at a speed much above 70ft. per
minute.
Whilst the speed at which a mill should run is essentially a matter for those concerned in the actual
operation of the plant and are responsible for the quality of the product, the engineer engaged in the
design and construction of rolling plant has perhaps better facilities for noting the general trend of
modern practice in this direction, being brought closely into contact with the very great variety of
requirements and conditions ruling in the several sections of the strip rolling trade, each specializing
in a particular class and quality of metal, in a wide range of width and gauge, and also the practice
in many countries.
It is necessary before going any further to decide what is really meant by “high speed” as applied to
the strip mill, for a speed is an entirely relative term and compared with modern hot rolling speeds,
those considered “high” for cold rolling are relatively slow.
Twenty-five years ago, few mills in this country or the Continent were worked at speeds exceeding
50/60 f.p.m. but a few years later 70/80 feet was a normal speed; even now, on the Continent, the
classic speed of 20/30 metres (65/100 f.p.m.) is generally considered to be the highest efficient
speed.
Now, it is perhaps admitted that 100 f.p.m. is a really low speed, but a high speed may be
approaching 1,000 f.p.m., between these limits there is the large range of medium and high speeds
more generally adopted in this country. It seems clear that the low limit for high speeds must be
raised and in the light of development during the last five or six years no speed less than 150 f.p.m.
could be classed as high and the usual range of really high speeds lies between 200 and 400 f.p.m.
One definition of low-speed rolling may be that at which the strip can be gauged during the pass by
hand micrometer, this is somewhere about 150 f.p.m. and certainly not more than 200.
Naturally, the standard of rolling speeds varies with different gauges, and qualities of metal, but it
cannot be said that the speeds for softer non-ferrous metals are generally higher than they are for
steel. In fact, most of the fastest mills here and on the Continent are handling steel strip, probably
speeds tend to become higher with metals for which a greater total tonnage is required and to some
extent with metals of lower intrinsic value, as in such case the cost of labour in the rolling mill is a
greater proportion of the total production costs.
Clearly the most economical speed within limit can only be determined with full knowledge of the
individual requirements and conditions of production.

An outline of the world history of cold rolling in respect to the progressive increase in speed is both
interesting and instructive; for whilst as already stated, a few years ago the normal roll speeds in
this country were very low, in the United States progress has been much more rapid. As long ago as
1904 an American firm was cold rolling steel strip at 144 f.p.m. and in 1915 another works installed
mills driven by variable speed motors to give rolling speed 100/260 f.p.m.
In the period 1920/1930 the general increase in rolling speeds in the States was very great. In. 1927,
for example, the Weirton Co, started steel strip mills with maximum speeds of about 250 f.p.m. and
this speed became at this time a very normal cold roll speed in the States. A variable speed range
with a low minimum was required on account of the very general adoption of the continuous
tandem mill with three or more stands, which with a finishing speed of 250, required about 100
f.p.m. for the first stand of rolls.
Today this maximum finishing speed has increased to 500 f.p.m. and more, and reversing strip mills
are operated with a maximum speed of 600 f.p.m.
About 1930 the well-known “Steckel’’. mill was developed to operate with a maximum speed of
about 800 f.p.m.
In the same period under review, there was an equally rapid increase in rolling speeds of nonferrous strip. During the early part of the War, a branch works of the American Brass Co. was
rolling brass and copper strip at speeds up to 255 f.p.m. and sheets at about 200 f.p.m. These were
ordinary heavy two high mills, with no special features and were mechanically inefficient. A note of
some of the mill units installed may be of interest.

The large size of the rolls and the considerable power applied will be noted.
In the same works narrow strip mills were also operating.

A journey to the States in 1931 and visits to several large brass mills, showed the majority of the
plants still consisted of similar units to those cited above, all simple two-high mills, with rolls of
large diameter in relation to the work done, using high powered motors. 12in. x 24in. rolls were a
common size of finishing mill for brass strip up to 8in./10in. wide working at 250 f.p.m. Such mills
were driven “to death,” the white metal bearings lasting only a few weeks before replacement was
necessary, clearly indicating low mechanical efficiency and high loss in bearing friction. Nearly all
mills were however equipped with automatic coilers and frequently four men were employed on
each mill.
At this same time the beginning of the installation of four-high mills was seen, and several such
modern mills were working with a variable speed up to 400 f.p.m. also equipped with automatic
coilers.
Quite recently (1936) The American Brass Co. had, from very reliable reports, installed four high
mills finishing brass strip 6in. or 8in. wide at 1,000 f.p.m. It was found impossible to start at the
high-speed owing to the difficulty in entering the strip into the automatic coiling equipment, and

with the variable speed control provided, rolling on each coil started at 300 to 400 f.p.m., and when
once the strip was securely wound on the coiling drum, the speed was increased to 1,000 f.p.m.
Coming back to this country, as all know, progress towards high speeds lagged behind American
practice, but in 1921, a Birmingham firm installed a British made mill of American design (2-high)
for a speed of 190 f.p.m. but owing to inefficiency of design and consequent high-power
consumption the speed was reduced to 90 f.p.m. a year or two later. In the same year a well-known
firm in the South Wales district put down a plant of 16 two-high mills of small size for a speed of
100/200 f.p.m. for steel strip and a British mill was installed in France for brass strip at 200 f.p.m.
Up to this stage, whilst the practicability of higher rolling speeds was proved, the relative
inefficiency and high power consumption with the design then available indicated the need for
drastic improvement in the design of cold strip mills and once the friction losses, particularly in the
roll bearings, had been reduced so that they became only a small proportion of the total power
applied and hot roll bearings were practically eliminated, the proportion of high speed mills in
England steadily increased.
This epoch started with the installation and successful working of two highly efficient two-high
strip mills for brass by another old established Birmingham firm with a fixed speed of 260 f.p.m.
and automatic coiling for brass strip; and another in the Staffordshire district commenced to put
down a series of high-speed mills for steel strip, starting with 120 f.p.m. and gradually increasing
with later units to 250 f.p.m. culminating just recently in a four-high mill with variable speed, and a
maximum of 400 f.p.m.
In the meantime, many non-ferrous metal works in this district followed with high-speed mills, with
speeds 150/300 f.p.m. and the same firm who in 1921 started an American type mill at 190 f.p.m.,
and who were obliged to reduce this speed “scrapped” the whole of their fifteen year old slow speed
plant and installed a complete installation of high speed mills for breaking down to finishing, with
automatic coiling and speeds up to 300 f.p.m.; and other steel strip firms started up modern high
speed units.
All this time on the Continent, where German practice in mill construction had paramount
influence, low speeds of 20/30 metres per minute remained and to some extent remain the rule. This
is rather surprising, unless it is remembered that the standard type of two-high mill in vogue on the
Continent is not suitable or efficient at higher speeds. Although now some high-speed mills are
being built in Germany, as a result of this conservative attitude British built high-speed mills both
two-high and four-high have been installed in France, Belgium and other countries during the last
five or six years. Now there are a number of four-high steel strip mills working successfully in
French works at speeds up to 120 metres per minute, with similar plant in Belgium, where also twohigh non-ferrous strip mills are in regular operation at 300 f.p.m.
It is especially strange that the very considerable and important Aluminium Industry in France,
Switzerland and Germany do not appear to have appreciated the economy of high-speed mills in
spite of the success obtained with such mills on aluminium strip in America, Canada and this
country where speeds of 150/250 f.p.m. are quite normal. Certainly, the English firms rolling
aluminium at high speeds have followed Transatlantic practice, whilst other large aluminium
concerns here generally have kept to Continental practice and slow speeds.
As may be noted, Britain has in the past adopted a middle position as regards rolling speed between
the almost universal high speeds in the States and the slow speed usual on the Continent, but today
there is here certainly a tendency to favour America’s high-speed practice in almost all the strip
rolling industries. This cautious advance has no doubt been justified as the high speed rolling mill
was not adopted in this country until it had been developed into a really efficient machine, probably

economy in the power absorbed by a rolling mill has been and is still more important to the English
rolling industry than it is in the States, and as a result of this attitude we can claim that the British
high speed mills are on the whole mechanically more efficient than the greater part of the existing
plant in America.
The fact that universal progress towards speed increase has been relatively slow and is still only
partially achieved, points to the existence of some reasonably arguable objections to increasing the
speed of cold rolling and some of these objections are still maintained in many quarters. These may
be summarised briefly.
I. Excessive power consumption. This was certainly true with the old type of mill available in the
past.
This objection is now quite untenable with the modern high-speed mill, for whilst the driving power
required is necessarily increased with higher speeds, the ratio H.P./speed is practically constant and
the power absorbed per ton of metal rolled is appreciably less with the high speed mill than it was
with the old inefficient slow speed mill.
An example of an impartial test at a large metal works some eight years ago, will illustrate this
point.
Three mills with rolls of similar dimensions were tested on exactly the same duty:
(1) Old type Slow Speed Mill, required 80 k.w.hrs. per ton of metal rolled.
(2) A moderately High-Speed Mill of earlier Continental construction required 40 kW.hrs.
per ton.
(3) A British High-Speed Mill (300 f.p.m.) required only 27 kW.hrs. per ton.
It will be seen that in the last case a saving of 32½% in power is obtained over the Continental mill,
whilst 66% economy is shown over the old slow speed mill. The fundamental cause of this
remarkable increase in efficiency is the improvement in roll bearing design and lubrication and ‘the
elimination of hot bearings with the resulting reduction in frictional losses.
II. Low Speeds were necessary for Accuracy of Product.
This again might have been true with the old types of mill owing to roll bearing friction causing
irregular and excessive temperature rise in the rolls, which inevitably leads to variations in rolled
gauge but whilst the question of temperature changes in rolls requires further separate
consideration, it is a fact that some of the most accurately rolled strip is today produced by high
speed mills.
III. Finish. The condition of the rolled strip surface is scarcely affected by the rolling speed, and it is
entirely dependent on condition of roll surface, cleanliness, etc., and again some of the most highly
polished metal strip is rolled at very high speeds, in fact, there is some reason to believe that, other
conditions being equal, high speeds result in improved finish.
IV. All metal requires more pressure and consequently more power for deformation in rolling at
high speed than at low. This objection has been widely held, but as already stated high speed rolling
does not require more power per ton of metal rolled, and this necessarily implies that no greater roll
pressure is required. The maintenance of this objection was perhaps the chief obstacle in the way of
increasing speeds, as it suggested that there was some inherent increase in the resistance to
deformation of most if not all metals at speeds beyond some rather ill-defined low limit, the

argument was weakened by the fact that no reasonable definition could be given to the limiting
speed, nor was it explained in any way whether this speed limit depended on the physical qualities
of the metal rolled.
A little consideration shows that it is not simply the lineal speed of rolling, but the rate of
deformation, that is the rate at which the thickness of the metal is reduced, that can have any
influence on the resistance of the metal itself, and whilst this rate of deformation does partly depend
on the lineal rolling speed, it is also dependent on the “pinch” taken for any pass.
This will be easily understood if a high rolling speed is obtained with no appreciable reduction in
thickness, in this case as the amount of reduction approaches zero, however high the rolling speed,
the rate of deformation is also practically zero. This at once indicates the fact that small “pinches,”
and even heavy percentage reductions on thin metal may be taken at a high speed without resulting
in a high rate of deformation.
It will also be noted that the rate of deformation, and the specific resistance of the metal are two
factors on which the useful work done and consequently the power required for rolling depend.
The actual rate of deformation varies as the strip passes through the contact arc of the rolls, and
instead of calculating the mean rate of deformation, it is simpler to consider the maximum rate. It
may be assumed that the rate at which the metal leaves the rolls is the peripheral speed of the rolls =
V. The entry speed with which the metal enters the rolls is
Vo = V.T2/T1
where T1 is the initial and T2 the rolled thickness. The rate of deformation at entry Vd = Vo tanθ
where θ is the contact angle and depends on pinch and roll diameter.
This clearly shows that the rate of deformation is not always the same with any given roll speeds.
The calculation of rates of deformation from examples of rolling from successful practice shows
considerable variation and indicates that relatively high rates do not require appreciably increased
pressure. Such variable speed trials on which data is available do not show any increase in metal
resistance. In recently published particulars of rolling experiments carried out by Siebel & Pomp in
Germany, no appreciable increase in metal resistance was recorded at the higher speeds.
Unfortunately, these speeds were all low, but the range of speed was considerable.
It is also a well-known fact that certain metals at least are reduced more easily at high speeds, and
with any applied roll pressure a great reduction in thickness is effected with increase in rolling
speed.
It seems quite probable that there is a natural rate of flow for every metal and alloy and that the
most economical rolling speed is that which most nearly agrees with that natural rate.
Mechanically the modern strip mill of several types is capable of working most efficiently at speeds
exceeding those as yet attempted in practice. Automatic coiling and other accessory equipment have
facilitated handling of the metal at the highest speeds, but there are certain limitations to speed, of
more or less importance, depending on the particular metal and class of product required.
From the point of view of operation, the high-speed mill becomes more efficient and more
economical with increasing weight of coil, that is when the nett rolling time per coil is relatively

long. At the same time, it is a mistake to conclude that high speed is not an advantage even with
short light coils. It is however important with all mills, slow or fast, to reduce the lost time between
passes to a minimum. Reliable data on rolling efficiency of a mill, that is the ratio of actual length
rolled to the theoretical maximum possible in a given time, is important, for it must be agreed that
there is no advantage in increasing rolling speeds if the idle time is also increased. In many cases
this lost time is a greater percentage of the total with old slow speed mills than it is with the modern
high-speed mill, which is generally equipped with automatic coiling gear, and with mills on heavy
coils, with power operated coiler ejectors and handling equipment.
Reverting to the conditions limiting rolling speeds, the chief is no doubt the tendency to temperature
changes in the rolls, as this causes small changes in roll diameter resulting in variation in rolled
gauge. The work done in cold rolling is almost entirely converted into heat in the rolled metal,
which is transferred quickly by conduction to the rolls, and without the provision of some form of
roll cooling the temperature of the rolls will increase until the heat supplied is balanced by
radiation. This stable condition of roll temperature is reached more quickly with large size rolls than
small, consequently the temperature problem is more serious with the small rolls in a backed-up roll
mill, such as the four-high or cluster mill, than with the two-high, also with the two-high mills
running at high speeds there is an advantage in adopting a larger roll diameter than could be used on
the same work in a slow speed mill.
High roll temperature within limits is not in itself detrimental, but appreciable changes in
temperature during a pass or series of passes is to be avoided. Internal water cooling is only
partially effective, and where it is possible, external cooling of rolls by a spray of liquid containing
a large proportion of water is the most efficient means of carrying away heat and maintaining a
uniform roll temperature. This system with regulation of pressure of jets and their position along the
roll face will completely control the temperature within reasonable limits. In some high-speed
American mills very high pressure sprays are directed on to the rolls.
The soluble oil spray with 90% to 95% water is becoming the most favoured means of cooling high
speed steel strip mills and is almost essential with mills of the four-high type.
Another system has been adopted, namely the fitting of jackets partially encircling the rolls, through
which a coolant is circulated. This is favoured by some and with a high rate of circulation and
soluble oil-water solution is reasonably effective, but it is generally found that an open spray is the
most efficient, probably due to the freedom for evaporation together with the practical advantage of
keeping the rolls washed clean from dirt.
Where external application of a coolant is not permissible, internal water cooling with a roll
diameter of the largest practicable size is to be recommended.
High rolling speed is not itself a cause of excessive temperature changes in rolls, simply causing the
maximum temperature to be reached more quickly. Heavy, pinches generate most heat, even at low
speeds, and in all cases the point previously mentioned in reference to rolling efficiency, namely the
reduction of idle time to a minimum is most important, as this limits the time in which the rolls will
cool down between passes.
With very accurate work, on thin metal, maintenance of roll shape or camber is most important, and
a good deal of attention is being given at the present time to devising a more exact means of
regulating the roll temperature at any part of the barrel face.
With slow speed mills, the effect of roll temperature change was corrected by constant regulation of
the roll pressure, controlled by hand gauging with micrometers. This method, in itself none too

efficient, is only possible with speeds up to about 150 f.p.m. But with precise setting of rolls, and
rigid construction, and continuous working to maintain a reasonably constant roll temperature, no
gauging during the pass is actually necessary with coils of moderate length. Light finishing pinches
may be taken at very high speeds without temperature changes causing irregularity in gauge and
will generally correct variation in thickness caused by previous heavy passes. Automatic gauging
has, however, been widely adopted, and is specially favoured with mills dealing with heavy long
coils in high-speed mills; for non-ferrous metals an electrical non-contact automatic gauge has
proved very useful, and for steel and other magnetic metals “the flying micrometer,” developed and
much used in the States is effective. This registers instantaneously minute changes in gauge either
plus or minus, which may be corrected by the operator without stopping the mill.
To some extent, both these types of continuous gauging instruments are affected by temperature
changes in the metal and must be checked and readjusted as necessary for temperature. Possibly a
more effective solution to the problem is the recently developed hydraulic roll pressure control
which takes the place of the usual hand or electrically operated screws. This system, by maintaining
a constant roll pressure during the pass, which is sufficient to obtain the reduction required,
eliminates entirely the effect of roll temperature change, in so far as this causes variation in rolled
gauge. It also provides for extremely quick and mechanically efficient roll adjustment.
The essential features of an efficient high-speed mill may be summarised in order of importance.
(a) Highly Efficient Roll Bearings to reduce friction loss to a minimum and to eliminate risk
of hot bearings.
(b) Rigidity of the Mill construction, especially in regard to the roll housings to withstand
heavy loads and vibration at high speeds.
(c) Efficient driving gearing and shaft bearings. Generally, totally enclosed machine cut
double helical gearing with oil spray lubrication of gear teeth is essential.
(d) For maximum output, with moderate weight coils, in non-ferrous metals automatic
coiling equipment is required of the type adopted for many years past in America, and for
steel strip mills, dealing with heavy coils at maximum speeds, a variable speed drive is
desirable so that rolling may commence at slow or moderate speeds and be quickly
accelerated to the highest speed. With this should be mentioned mechanically operated feed
gear to facilitate easy and quick entry of strip into the rolls, with efficient cleaning before
entry.
(e) Roll Adjusting Gear should be of the geared type, providing for quick simultaneous
adjustment of both screws, sufficiently powerful to regulate and apply pressure on the strip
whilst in the rolls. Electrically operated roll adjustment is now considered desirable for even
smaller strip mills.
(f) Although possibly of secondary importance, the time is coming when no modern mill
will be fitted with the old type coupling boxes and spindles for connecting rolls to pinions,
and universal joint couplings, already fitted to modern heavy plant, will become standard for
all fast-running mills. Although considerably more expensive, the low maintenance cost, due
to absence of excessive wear and the smooth turning effect obtained, are advantages worth
the extra cost.
The failure of many otherwise well-constructed mills in the past to operate successfully at high
speeds, has been due largely to the lack of the most important of these essential features.
The following examples are of modern high speed strip mills used for non-ferrous metals and steel.
[This part of the lecture was illustrated by a large number of slides showing the various types of
high-speed mills.]

One of the latest designs of two-high mills working on non-ferrous metal strip has rolls 16in.
diameter running in roller bearings, driven by a variable speed motor with a maximum speed of
about 400 f.p.m. and is equipped with the latest type of air operated double block coiler, with
collapsible drum which with a coil ejector is also air operated. The roll adjustment is electrical of
the two-motor type. All control is by push buttons and contactor switches. Some figures of the
production and rolling efficiency obtained in normal continuous working will be somewhat
startling. Strip is rolled at 370 f.p.m. on 10in. Width finishing with extreme accuracy to .012in.
thick and taking 33% reduction in the pass. The carefully timed average rolling time per coil was
1.3 minutes and the actual idle time between each coil was only 1.5 seconds. This means that the
rolling efficiency was 98°% and is believed to be a record for actual normal working. This
extraordinary high efficiency, which it is scarcely possible to improve is attained by the organisation
for supply and removal of metal to and from the mill, with the assistance of the improved coiling
equipment.
An example of two-high mills specially designed for aluminium strip rolling is a reversing mill with
rolls 17in. x 32in. face. This mill, driven by a 300 h.p. motor, is capable of continuous output,
rolling aluminium 21in. wide from .32in. To .019in. in only 5 passes at a speed of 150 f.p.m. The
roll bearings are of the “flood” lubrication type and scarcely show any increase of temperature
during a continuous full day’s run. This example of moderately high-speed rolling compares very
favourably with similar older mills which in spite of running at the slow speed of 70 f.p.m. require
proportionately more power and the roll bearings are generally too hot to bear touching.
Another aluminium strip mill, non-reversing with rolls I4in. x 32in., works at a maximum speed of
about 250 f.p.m. and is a sample of several exactly similar mills installed in this country, both of the
same size and with larger rolls 20in. diameter - 40in. face. These have automatic coiling equipment
with air operated collapsible drum and the inlet side is provided with an air operated tension and
wiper press
With regard to mills for the high-speed rolling of steel strip, the tendency now is to employ fourhigh mills, e.g., with rolls 6in. and 14in. x 14in. and having a self-contained variable speed drive
with a maximum speed of 300 f.pm. The support rolls may be mounted on roller bearings or “flood”
bearings may be fitted, the latter being used successfully especially in the larger mills, as in the case
of a reversible mill with 7in. And 16in. x 16in. rolls working at a maximum speed of 400 f.p.m.
All these mills have provision for cooling the rolls externally by high pressure soluble oil jets. This
same type of four-high mill is installed for non-reversible working and as units in a tandem
continuous train of three or four stands.
The reversible mill has advantages where coils are heavy and the strip relatively wide for moderate
outputs which would not justify the installation of three or four stands in a continuous plant, but the
latter has points in its favour also for heavy coils in all widths on a standardised range of product.
The labour cost per ton is reduced to a minimum, and there is the further practical advantage of
having the last or finishing stand operating solely on the lightest finishing passes, as the rolls fitted
to this stand are preserved from the wear and tear of the earlier heavier passes and a good finish
with accuracy is obtained.
Four-high mills are also used successfully on non-ferrous metal especially on harder bronzes and
nickel alloys and even with softer metal such as copper, when the width is considerable and for
finishing light gauges, several smaller four-high mills are giving most successful service finishing
non-ferrous strip down to .001in. thick.

In all modern mills, particularly on high speeds, powerful coiling equipment is provided, giving
heavy strip tension, as this not only aids the production of flat strip but actually reduces the pressure
required for any given reduction. With many of the larger mills, the coilers are driven by separate
motors, electrically connected with the main mill motor and having constant H.P. characteristics,
with control gear which maintains constant controlled strip tension automatically irrespective of the
diameter of the coil which is constantly increasing.
In this connection some mention should be made of the well-known “Steckel” mill, as it is a unique
design and is essentially a high-speed mill. As is well known, in this mill the strip is pulled through
the rolls solely by the coiler tension, the rolls being undriven. This is both its advantage and its
limitation - clearly no more tension can be applied than the strip will stand without tearing and this
limits the amount of reduction possible per pass, and also renders it generally unsuitable for the
weaker non-ferrous metals. [t is considered to have advantages in many respects on the harder
qualities of steel, and the fact that the total reduction is obtained by a series of light passes 10% to
15% with very small working rolls, high speeds are easily obtained, and the quality of product is
good.
The speed is variable and reaches a maximum of 800/900 f.p.m. when the completed coil attains its
final diameter; this indicates the condition that the speed of rolling or drawing varies from a
minimum at the beginning of pass to the maximum with the coil at full diameter. Regulation of
coiler speed will compensate to some extent for this, but clearly the maximum speed can only be
attained at the end of the run, and the average rolling speed during the pass must be less than the
maximum. The strip is held under tension from unwinding drum to coiling drum, and its ends are
never released from the grips in the drums, so that some length at each end of the strip is not rolled
and must be scrapped. There are many interesting and valuable detail features in this mill, such as
automatic gauge control, etc. and convenient and quick removal of complete coils.
This leads up to a new design of four-high mill which is believed to be the fastest mill in Europe,
having a maximum designed speed of 1,200 f.p.m.
So far it has only been installed for rolling very thin and wide aluminium, but the same general type
would be equally effective for all fine strip rolling. It is essentially a four-high reversing mill, with
variable speed drives to. working rolls, and separate motor driving coilers. When unwinding on the
inlet side of the mill the motor acts as an electrical brake.
The unique feature is the application and regulation of the roll pressure by hydraulic means with a
patented control system; this ensures very quick and ¢ roll pressure adjustment, which is indicated
by pressure gauges one for each end of the rolls. This is also very economical in power requiring
only a H.P. motor to drive the pressure pumps.
There are many other interesting details, such as the exact automatic control of inlet and outlet strip
tension by means of a roller riding on the strip, which operates the speed control of the coiling and
braking motors, this roller being loaded by weights which are adjustable along balance beams.
The same system of hydraulic roll pressure control is already being adopted for steel strip rolling. :
To conclude, it was proposed to express some views as to the probable future development in
respect to high-speed rolling, but time scarcely permits more than the suggestion that high speeds
will be more generally adopted in future than at present and even higher speeds than are now
considered will become a practical proposition. The mechanical difficulties have been practically
eliminated, thanks to the development of the roller bearing and the improvement in bearings of the
journal type and their lubrication. So, from an engineering point of view there is little to limit the

speed of rolling. It depends in the end on the demand from the metal strip producer for increased
and more economical production. It is also believed that the new system of hydraulic roll pressure
control described will be found of considerable value and will be increasingly adopted in the future.
The remaining problem of exact control of roll temperature, so important for the finer classes of
strip rolling where maintenance of roll contour is essential will, without doubt, be finally solved
before long and the economy of higher rolling speeds will depend mainly on the weight of coil and
consequently the length of strip which can be supplied to the mills.

WIRE DRAWING.
Professor F. C. Thompson, M.Sc., D.Met.
(The Victoria University of Manchester).
(Being the inaugural lecture to the Midland Metallurgical Societies for the Session 1936-37. It was
delivered to the Societies at the James Watt Memorial Institute on September 30th, 1937. J. A, A.
Fraser, B.Sc., being in the chair.)
Introduction.
During the past ten years or so, a large amount of research on wiredrawing has been published,
particularly in this country and in Germany. In the time available it would appear to be more
profitable to concentrate attention mainly on the work for which the author has been responsible,
rather than to attempt to cover the whole field.
As a result of the fact that the mathematical treatment of plastic deformation is still in its infancy, it
has not so far been found possible to treat the wire-drawing process on rigidly mathematical lines.
The attempt of Sachs, for instance, interesting as it is, leads to at any rate one conclusion which can
be shown to be inaccurate. This work suggests that the power required to draw wire is proportional
to the logarithm of the ratio of the original and the final areas. When the reduction of area is being
considered subsequently it will be shown that experimentally the power is not directly proportional
to this logarithmic function.
If the subject, however, is dealt with in a simpler manner, from the point of view of the dimensions
of the factors involved, it can be shown that the power is directly proportional to the elastic limit of
the material to be drawn, the speed of drawing and a factor which depends upon the area. Other
factors of a non-dimensional character may, however, be of profound importance, although they
cannot be dealt with in this manner. The angle and contour of the die, the temperature at which the
reduction is actually effected, the coefficient of friction between the wire and the die, and the space
lattice of the metal or alloy being drawn are all of obvious importance. Since, however, they are
non-dimensional, they cannot be considered in such an analysis. It also follows from this that the
actual pull required is directly proportional to the elastic limit of the original material, to the area,
but is independent of the speed of drawing. This somewhat remarkable conclusion will be dealt with
later.
A number of purely empirical relationships based on industrial measurements have been published
from time to time. Lewis has suggested that the total horse-power required is represented by the
equation:

An alternative, and, in Lewis’ opinion, a better relationship is given by the expression:

From equation (ii) it will be observed that the power is proportional to:

This may be compared with the theoretical equation proposed by Pomp, Siebel, and Houdremont,
which, when transformed to correspond with equation (iii), is of identical form.
From data obtained on the slow drawing of steel on a draw-bench, Giraud has come to the opinion
that the tension required is proportional to the reduction of area and to the final area. From this it
would follow that the power

There would appear, therefore, to be a fair consensus of opinion that the power can be represented
by such an expression as: P=M x S x a x f(R), where f(R) is some non-dimensional function of the
reduction of the wire, such as the logarithm of the ratio of the original and final areas, or the
reduction of area per cent.
Apparatus.

.

The apparatus used for the high-speed drawing, which is shown in Slide 1, consists of a rigid arm of
girder section pivoted on ball bearings about its centre. At one end the die is fastened by straps and
bolts, the wire passing through a small hole drilled in the arm for that purpose. The pull of the wire

on the die tends to swing this arm forward at the one end and to counterbalance this movement there
is, at the opposite end of the arm, a piston working in a cylinder into which compressed air is
allowed to enter. By a suitable adjustment of entrance and exit valves this piston can be made to
restore the arm exactly to its original position, and two electric lamps connected to delicately
adjusted contacts show when an exact balance has been attained. The pressure in the cylinder is then
a measure of the actual pull on the wire. The apparatus is calibrated by attaching a standard spring
balance between the drum and the die. By a system of gears and rheostats the speed of drawing may
be varied from about 0.1 to 600 feet per minute, a 7 h.p. shunt-wound d.c. motor normally running
at a speed of 1,380 r.p.m. being employed to provide the necessary power.
The Influence of the Speed of Drawing.
It has already been pointed out that considerations of the dimensions of the factors involved,
suggest that the actual pull required to draw a wire is independent of the speed at which the drawing
is carried out. In Slide 22* is shown the relationship between the pull and the speed of drawing for
an 18 per cent. nickel silver. It will be seen that at the very low speeds here employed the prediction
that the pull is independent of the speed is completely falsified, the tension increasing markedly as
the speed of drawing is raised. If, however, higher speeds, say 20 feet per minute or above, are used,
then, as will be seen from Slide 3, the tension needed to effect a given reduction for a given material
is quite independent of the speed at which the wire is drawn. These curves have been obtained with
tungsten carbide dies of a semi-angle of 5½°, but an identical result is obtained with dies of other
contours. With steel dies there is some slight tendency for the pull required to rise as the speed is
increased, but this is probably explicable on the grounds of increased frictional loss. For all
practical purposes, except possibly in the case of low-speed draw-bench work, it will be seen that
the pull is independent of the speed of drawing, although, of course, the total power consumed will
be directly proportional to that factor.

It will be appreciated that research which is carried out only at very low speeds of drawing, as for
instance in a tensile testing machine, may give results which are radically different from those
obtained at higher speeds under industrial conditions.
This danger of relying on low-speed research will again be emphasised when attention is being paid
to the effect of rotating the die during the drawing.
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Since the pull required remains unchanged under the conditions of these experiments when the
speed of drawing exceeds about 20ft. per minute, there is for experimental purposes no justification
in using much higher speeds and for purposes of economy 30ft. per minute is the speed which has
normally been adopted in this work.
Practical confirmation of the conclusion just reached that the pull required, except at very low
speeds, is independent of the speed of drawing, has been obtained both on fine wire and thick rods
for bolts, at any rate at speeds up to well over 1000ft. per minute.
In view of this fact, it is curious that in some instances comparatively low speeds of drawing of the
order of perhaps 300ft. per minute are still being employed in the drawing of high carbon steel wire
for ropes.
Justification for this procedure is claimed on the ground that age-embrittlement of high carbon steel
wire increases as the speed of drawing is raised. If this is proved to be the case, justification for the
practice would be obtained. In an attempt to determine whether the age-embrittlement does depend
on the speed of drawing, an investigation has been carried out on medium and high carbon steel
drawn at rates varying from about 30 to 600 feet per minute. So far, at any rate, as changes in the
tensile strength are concerned, no difference whatever could be detected in the ageing
characteristics of the slowly and quickly drawn wire. It is appreciated, however, that the tensile
strength is not of itself always an adequate measure of such embrittlement and further work in this
direction would be justified.

The Elastic Limit.
That the conclusions to be drawn from the dimensional analysis so far as the relationship of the
elastic limit and the tension required to effect a given reduction through a die of standard contour is
concerned, are in agreement with experimental fact will be appreciated from Slide 4. The difficulty,

however, of determining the elastic limit of wires makes it the more justifiable to enquire to what
extent a similar relationship will hold if the maximum stress is taken as a measure of the mechanical
properties of the wire to be drawn, In the same curve are shown such figures from which it will be
seen that although the scatter of the points for the maximum stress curve is distinctly greater than
that for the elastic limit, it is clear that, to at any rate a close approximation, the maximum stress of
the original wire is again a measure of the pull required.
Reduction of Area.
Brown and Giraud, amongst others, have investigated the influence of the reduction of area of a
pass upon the work done, and in each case have shown that the pull required is a linear function of
the reduction of area. Both sets of measurements were, however, made at low speeds of drawing
and on somewhat similar material, and it appeared well to discover how far the same relationship
would hold for other metals and for higher speeds of drawing. For 70:30 brass, nickel, cupro-nickel
and nickel-silver, the same relationship has been shown to obtain up to reductions of, at any rate, 50
to 60 to per cent. In the case of steels, however, the reduction of area-tension curve remains linear
only until up to a reduction of something of the order of 30 per cent., the pull required for larger
reductions being less than would be expected. How far this deviation in the case of the steel is due
to the increased heat generated and the rise of temperature of both wire and lubricant, cannot at
present be determined, but it is clear that for the non-ferrous materials over a very wide range of
reduction and for the steels up to at any rate, about 30 per cent., the tension increases linearly with
the reduction of area.
As was pointed out in the Introduction, the mathematical treatment suggests that the pull should be
directly proportional to the logarithm of the ratio of the original and the final area of cross-section.
That this is not in accordance with experiment is shown in Slide 5, which represents some results
for nickel and 80:20 cupro-nickel.

The Angle and Contour of the Die.
The importance of these factors in successful wiredrawing needs no emphasis. Using carbide dies,
and it should be pointed out here that unless the contrary is stated all our experiments have been
made with such dies, the results may be summarised by saying that, as will be seen from Slide 6, for
non-ferrous metals the minimum tension is required with a semi-angle of about 5½° - 6°. Smaller
angles lead to rapidly increased tension, due presumably to increased frictional losses, the increase
with higher angles being much less pronounced. This result has been confirmed for reductions of
area varying from 20 to 35 per cent. per pass for a wide range of non-ferrous metals and alloys, for
good and bad lubricants, and for material both in the annealed and in the cold-drawn condition. The
results for steel, which are shown in Slide 7, * are much less simple, a succession of maximum and
minimum values following each other over the whole extent of the curve. At first sight such
irregularities would be put down to experimental error, but repeated tests with re-polished dies on a
range of steels of varying carbon content, have satisfied us that the fluctuations have a real
existence. This is confirmed by the fact that, using steel dies, a firm of wiredrawers has
independently carried out a similar investigation and found similar maxima and minima. It is at the
moment, quite impossible to offer any explanation of these results.

In connection with the actual drawing of wire there may, however, be occasions when this
“optimum angle” of 5½° to 6° is not the most satisfactory. There is, for instance, some evidence that
in the case of hot-rolled rod with a rough surface, a distinctly higher angle is an advantage in the
preliminary breaking-down treatment. Secondly, in the case of small reductions, the necessity for
the use of an adequately long bearing to withstand the pressure, demands a smaller die angle than
that which we have found to be the best for reductions of 20 per cent. or over.

The extensive use of the so-called “radial-taper” bearing, particularly in the drawing of non-ferrous
wires, makes it desirable to compare this contour with the plain conical dies so far examined. In all
cases, both for ferrous and for non-ferrous metals, it has been found that the power consumption
with the radial bearing exceeds, and sometimes exceeds considerably, that required for the plain
conical die. The difference in the power consumption decreases, however, as the reduction of area
becomes greater and as the metal being drawn becomes harder. In the case of Post Office bronze,
for instance, the power consumed in effecting a 20 per cent. reduction through a radial-taper die was
39 per cent. higher than that through a die of straight taper of 6° semi-angle. In the case of Monel
metal, the difference for the same reduction of area had fallen to 16 per cent., and for a reduction of
35 per cent., had been reduced to about 10 per cent. We have, however, come across no single
instance in which wire could be drawn through a radial-taper die without requiring a greater tension
than is needed for a plain cone with a semi-angle of 6°.
In the case of carbide dies at any rate, the power required depends to a not inconsiderable extent on
the perfection of the polish of the bearing, and variations of over 20 per cent. Have been obtained
for dies of the same contour according as the preparation was more or less skilful.
In every case which we have examined both with good and with bad lubricants, the pull necessary
to effect a given reduction of area is less with a carbide than with a steel die of the same contour.
When carbide dies are compared with diamond dies, it has been shown that the pull required with
the latter is distinctly less than with the carbide die. As an example, for an 80:20 cupro-nickel,
0.044ins. in diameter, the pull required to effect a 20 per cent. reduction of area was 44.5Ibs. with
the carbide dies as compared with 35lbs. in the diamond die, the same “Germ Oil” lubricant being
used in each case.
The “Casting” of Wire.

Despite the great practical importance of the proper “casting” of wire, very little published
information on this aspect of wiredrawing is available. The complicated nature of the problem will
be appreciated from Slide 8, which represents the radius of curvature of some wires drawn through

dies with varying degrees of tilt. It is, at the moment, quite impossible to explain such curves, which
have been obtained both for ferrous and non-ferrous materials and using a wide range of reductions
of area.
To one result of this research more extended reference may, however, be made. A coil of Post Office
bronze immediately on removal from the block is shown in Slide 9. This coil of wire was carefully
disentangled, when, as will be seen from Slide 10, it consisted of two distinct helices, the angles of
which are at right angles to each other. One helix, which consisted of the first eight turns of the coil,
lay nicely on the floor whilst the remainder could be arranged without the turns over-lapping each
other on a horizontal string. It would almost appear as if the first few turns of the coil were in this
case, the whole cause of the trouble. This portion of the coil was found to correspond with that part
of the wire which spirals down from the top to the bottom of the block at the commencement of
drawing, and if it is found that the same conditions apply to other cases, the trouble might, in some
measure at any rate, be overcome by a modification of the design of the block in such a way that the
jaws for gripping the wire are at the bottom instead of, as is usual, at the top of the block.

Lubrication.
Although a very considerable amount of work has been done on lubrication in wiredrawing, the
number of fundamental facts which have been definitely established is small. Lubrication in this
process is still in large measure empirical. One of the most important of all the facts which have
emerged is that the lubrication is, in all probability, of the “boundary” type. This offers an

explanation of the experimental result that the addition to an oil of a small amount of a fatty acid
appreciably reduces the friction and, therefore, the pull required.
The impossibility under ordinary industrial conditions of determining exactly the pull required to
draw wire, makes it the more desirable to enquire whether there exists any simple form of apparatus
by which an, at any rate approximate, evaluation of the efficiency of a lubricant can be determined.
In Slide 11 is shown a graph of the actual pull required to reduce a mild steel by 20 per cent. using a
number of different lubricants, plotted against values obtained in a friction-testing machine
designed by Wells. It will be seen that to a first approximation, the two sets of figures are
proportional to each other, whence the values obtained by means of this apparatus for a given
lubricant can be accepted as giving some fairly close idea of the suitability of that lubricant in actual
wiredrawing.

It will be appreciated, however, that it is not the efficiency of the lubricant at room temperatures so
much as that at the temperature actually attained at the surface of the die which is of importance.
This will be seen from Slide 12,* which represents determinations made, using soap as a lubricant,
of the pull required to draw a wire at ascending temperatures. As the temperature is raised the pull
falls, at first fairly rapidly and then more slowly, until, at a temperature of about 170°C., a sudden
increase in the tension occurs. This is presumably due to the breakdown of the soap as a lubricant,
after which the tension required exceeds that at room temperatures, and the drawing is distinctly
erratic.
For all the lubricating materials examined the frictional loss decreases as the temperature is raised, a
fact which is a little difficult to reconcile with the elaborate precautions which are sometimes taken
to cool the die. There is no obvious reason why tungsten carbide dies should wear more rapidly at
slightly elevated temperatures than they do at that of the room, particularly in view of the fact that
such dies are successfully employed for drawing tungsten wire at 700°C. Rapid fluctuations of the
temperature of such dies, however, must be avoided as far as possible since there is otherwise a
distinct risk of superficial disintegration due to the thermal stresses which are set up.
Reference may, however, be made to one material which has given particularly interesting and
unexpected results. At room temperatures water is a particularly bad “lubricant.” As the temperature
is raised its efficiency improves considerably, and at temperatures just below its boiling point is

almost as high as that of a really good soap. Further, the surface of the wire drawn with nearly
boiling water is particularly good and suitable for subsequent treatments by processes such as
enamelling.
The importance of adequately anchoring the lubricant to the surface of the wire will, in view of the
boundary nature of the film, be readily appreciated. It is now generally accepted that the value of
the “water-coat” in the drawing of steel lies in its ability to absorb and retain a stable film of the
soap. The extension of the use of such a film to non-ferrous wires is a possibility which is well
worth exploring.
Another type of coat which deserves mention is that of a soft metal in conjunction, of course, with a
suitable lubricant. The coppering of steel wire is a process too well-known to need any emphasis
being laid upon it here, but other metals, and in particular lead, have been tried with considerable
success. In the drawing of austenitic stainless-steel tubes and wire the Dudzeele process, in which a
lead coating is employed, has been used with success.
In Slide 13 are shown some results obtained for such material in which reductions of area of over 90
per cent. Have been used. Although it is not intended in this paper to deal with the mechanical
properties of the drawn wire, one cannot help pointing out the very remarkable increase in the
torsions given by such wire when the reduction of area exceeds about 60 - 70 per cent.
One aspect of the use of soap as a wire-drawing lubricant which is at times of very considerable
practical importance, is the dermatitis to which it may give rise. Certain types of soap are
particularly liable to cause trouble of this kind, and there are fairly good grounds for the belief that
soaps made from fat charges including a large proportion of cocoanut or palm-kernel oils reacting
on the skins of those possessing an idiosyncrasy to this complaint, are particularly dangerous. The
author has been informed that the trouble may be eliminated if, prior to work, the hands are well
rubbed with a mixture of unsalted lard and 5 per cent. boric acid.

The Effect of Rotating the Die.
Although rotating dies have been employed to a very limited extent, presumably with a view to
increasing the life of the die by distributing the wear as evenly as possible over the whole surface
and thus of improving the surface of the material, the much simpler process of rotating the wire
itself during the drawing is more generally employed.
At low speeds of drawing there is a remarkable reduction in the tension required to draw a wire if
the die is rotated, in the case of a 17 per cent. nickel-silver the pull being reduced from 73lbs. with a
stationary die to 27lbs. with one rotated at 160 r.p.m. It has already been pointed out, however, that
it is highly unsafe to assume that what holds for very low speeds of drawing will also apply at those
which are commercially employed. As the speed of drawing is increased, the tension required with
the rotating die increases rapidly and above a certain speed actually becomes greater than that for a
stationary die. Except, therefore, at such low speeds of drawing as are associated with draw-bench
work there is no economy of power to be obtained by the rotation of the die, but it is worthwhile
pointing out that the surface of the wire so produced is in a highly burnished condition. So far as the
few tests go which have been made on the mechanical properties of wires drawn through stationary
and rotating dies, no difference has so far been detected.
The Effect of a Backward Pull on the Drawing of Wire.
When a backward pull is applied to wire being drawn through a die the direct tension required
increases in direct proportion to, but at a lower rate than, the back pull. The resultant force acting on
the die, however, decreases somewhat rapidly as the backward pull is raised, to such an extent that
in some cases it is quite easy to push the die along the wire by hand, even when a reduction of area
of 20 per cent. or more is being effected. A rotary motion of the die at the same time greatly
facilitates the operation. The author believes that advantage has been taken of this effect in certain
American work. There is some possibility however, that, at any rate in the case of steel wire, the
ductility of the material may be distinctly less when a backward pull is deliberately applied than
when the same material is drawn in a more normal manner.
The ‘“Alkins” Effect.
Although, as has already been said, this paper is concerned with the wire-drawing process itself
rather than with the effect of the process on the mechanical properties of the product, there is one
aspect of the latter which is sufficiently interesting to justify attention here. It was first pointed out
by Alkins that if the tensile strength of copper wire was plotted against the reduction of area in the
drawing, a kink was observed at a reduction of area around 50 per cent., in which zone the tensile
strength increased at a comparatively low rate. The slide of the properties of the austenitic stainless
steel which has already been given will show the same effect in this material, but at a very much
higher reduction. The effect has now been observed in several materials, all of which, however,
crystallise in a face-centred cubic lattice. In an attempt to determine whether the same effect was to
be observed with plain carbon steels, several steels have been drawn down with a wide range of
reductions of area extending beyond 90 per cent. without, however, the slightest sign of a break
being observed. It would appear, therefore, that this effect is connected with some specific form of
deformation of the face-centred cubic lattice, and further work in this direction is going on.

The Hele-Shaw Apparatus for the Investigation of the Flow of Metals.
It has been shown recently that, at any rate, qualitative agreement is to be observed between the
macro-structure of worked metals and the streamline picture obtained in the Hele-Shaw apparatus.

Slides 14 and 15 show, for instance, this correlation in the case of part of an automobile crankshaft.
The application of the apparatus to the drawing of wire has led to results, not yet published, which
demonstrate very strongly that a fairly close picture of the nature of the flow of the metal can be
obtained in this way. As an example, one particular result of this work may be dealt with here. It is
generally agreed by the drawers of steel wire that the presence of inclusions in the material is a
frequent cause of trouble. The intensely hard particles of alumina found in steel de-oxidised with
aluminium are known to score the die badly and to make the drawing of wire of accurate gauge
difficult.

In Slide 16 is shown a photograph of the flow, through a model representing a plain conical die, of
material containing inclusions. It must be pointed out that to obtain this picture the “inclusions”
were attached to the glass surfaces and did not, therefore, flow with the metal. Similar streamline
effects in geological structures, however, suggest strongly that the broad picture of the flow is much

the same when the inclusions are moving with the fluid, as in the photograph shown. The lateral
pressure at any point is proportional to the relative distance between successive lines, and it will be
seen that around the inclusions marked, compression has occurred. It follows, therefore, that such
inclusions may exert a very harmful effect on the surface of the die, even if they are underneath the
actual surface of the metal being drawn. Around such inclusions the pressure on the die would
appear to be markedly increased.
In Slide 17 is shown the diagram of lines of equal velocity of flow obtained from the last
photograph. It will be seen how extremely irregular the flow is around the individual inclusions and
it is not surprising, therefore, that there is some reason to believe that the mechanical properties
obtained from very “dirty” steel are, for this reason, if for no other, inferior to those obtained from a
metal which is essentially free from included matter.

CASE-HARDENING,
Harry Brearley
(Brown-Firth Laboratory, Sheffield)
(Lecture delivered before the Birmingham Metallurgical Society, February 11th, 1913.)
The Meaning of Cementation.
Since the advent of the bicycle and the motor car the practice of case-hardening mild steels has
become of great commercial importance, though it is by no means a modern art. A number of
workshop tools such as reamers, drifts, and gauges, can be and are now made very satisfactorily
from case-hardened mild steel; but long before the steel age the same principles were made use of
in the manufacture of the humble file. A piece of iron of suitable shape was provided with irregular
teeth, and after being wrapped in dried skin or wound in leather strip was heated slowly and finally
to full redness and then quenched. So that the leather was charred and used as a case-hardening
medium in this way long before users had any cause to complain of the marketable material
containing hob nails, sprigs, and brass eyelets.
Already in the latter half of the ninth century the art was so far advanced that a Benedictine monk Theophilus Presbyter – wrote a book in which precise instructions were given for the casehardening
of files. The mixture he recommended was made from three parts of charred horn meal and one part
of salt. This material was to be strewn over the heated file, and then, after again reheating, the file
was quenched in water. This process may still be seen It everyday use in certain parts of Russia,
where files are made from mild Bessemer steel, The mixture of horn meal and brine with perhaps a
small quantity of lamp black other unimportant ingredient is made into a thick paste and brushed
over the cut files, Alter the paste has completely dried the files are heated over a breeze fire; when
the salt melts and the paste becomes semi-fluid it is brushed off and the files are quenched out. Such
files are always case hardened on the tips of the teeth at least; they would not cut effectively
otherwise.
The name of Reaumur is usually associated with the production of malleable iron castings, but he
appears to have led to that subject whilst he was investigating the conditions most favourable to the
production of steel by the old cementation process. He found that the most effective case hardening
of cementing material could be produced by mixing together charcoal powder, wood ashes, and sea
salt. He observed that the case-hardened article increased in weight and ascribed that increase to the
combination of salt and sulphur with the iron. He noticed also that after repeated or prolonged
heating the cemented steel would not harden, and this he ascribed to the loss by volatilisation of the
salt and sulphur which had been previously taken up by the iron. Pig iron according to this idea was
a material containing a very large amount of salt and sulphur which might also be driven off by
prolonged heating; and in this way he arrived at the production malleable cast iron.
Reaumur appears to have a overlooked entirely the possibility of carbon combining in any way with
the iron, though he knew that it was a necessary constituent of the case-hardening mixture. But
although his explanations were wrong, his reasoning was sound. He argued if steel might be
prepared by combining sulphur and salt with soft iron, or by driving sulphur and salt from its
combination with pig iron, it should also be possible to produce steel by a third process, viz.,
melting together the two substances which contained respectively much and little of the essential
sulphur and salt; and this he actually did by first melting the pig iron and then adding nails and
other small wrought iron objects to it. In this sense, Reamur may be regarded as the originator of
cast steel, though his process was superseded by that of Huntsman, who twenty years later – in 1740
– introduced the practice of melting cemented iron bar. To Reaumur’s credit, however, it should be

said that the melting of wrought iron with some carburising material is now by far the most
commonly used method of producing crucible cast steel. The Huntsman process of making cast
steel consists, strictly speaking, of first cementing the wrought iron and then melting it in a crucible.
The Reaumur method consists of melting together wrought iron with a carburising material such as
pig iron. What should be especially noted in this preamble is that the process of cementation or case
hardening is not only of great antiquity but has always been of great importance and was the direct
incentive and predecessor of the comparatively modern art of making cast steel.
Although the process of cementation or casehardening is essentially the same today as it was a
thousand years ago our explanations differ greatly from those offered by Reaumur two centuries
ago. We know that the operation consists of combining carbon with iron by heating the two
substances together, and we find by careful experiment that the iron increases in weight by an
amount equal to the weight of carbon which has combined with it.
We know also that the aggregation of like crystals composing pure iron is invaded by dark areas
containing carbon, whether iron is melted with the addition of charcoal in a crucible and cast into
ingot form or whether the iron and charcoal are heated together short of melting. Any distinction
between the two kinds of steel depends on incidentals. When the Sheffield cutler takes a table knife
to read the inscription on the blade, as he has the habit of doing, and informs you that the blade has
been made from shear steel he depends on the unavoidable presence of long-drawn-out slag streaks
in steel made from cemented bar iron which has not been subsequently melted; without the tell-tale
slag streak neither a cursory glance nor a fairly extended examination by other means enables one to
determine by what process the steel has been made,
We have therefore before us in the composite microphotograph of a case-hardened section (Fig. 1),
a picture of the characteristic structure of all kinds of carbon steel, from the softest to the hardest, to
be found in commercial use. It will be helpful later if we pause now to observe that the material is
made up of irregularly shaped crystal grains which cohere strongly to each other, and that the few
dark patches at the foot of the picture contain practically all the carbon which existed in the original
bar.

The case hardening operation has not changed in the least the composition of the material at that
depth below the surface. The carbon has, however, penetrated into the upper layers, and it is to be
observed that the dark patches occupy a relatively greater area as the amount of carbon in the
succeeding layers increases. This continues in strict ratio until the carbon content reaches 0.8 per
cent, at which point the entire layer is a continuous dark patch, with no other visible constituent to
mark the crystalline outlines or form any discernible pattern whatever.
But the dark patches are not as elementary and structureless as they appear to be. When the steel is
allowed to cool slowly in the case-hardening box, the dark patches have a simple but well-defined
structure of their own. It is distinctly visible at high magnifications only, and under normal
circumstances, has the appearance of black and white lines arranged alternately and roughly parallel
to each other within an single crystalline grain, though for this compact arrangement consists of
carbide of iron; the other constituent is supposed to be pure iron, These alternated substances are so

minute and well defined that they break up light waves and assume a pearly appearance, for which
reason they are known as pearlite.

From the core of the case-hardened bar (Fig 1) outwards, the material consists of an irregular
conglomeration a white parches, which are pure iron, and dark patches, which are pearlite, until
nearer the extreme surface the material is composed entirely of pearlite, But the picture contains
another constituent which ought not to appear to an appreciable extent In case-hardened objects.
When it does occur, it leads generally to trouble, and it will be necessary later to determine how its
unwelcome presence may be avoided. But at present we need only to observe that its occurrence,
whether welcome or otherwise, is a natural sequence to the observations already made.
If all the free iron, which is the basis of our steel making, has been already used up in the formation
of the sandwich like pearlite by the time the carbon it contains reaches only 0.8 per cent, then
clearly if any further amount of carbon can possibly be introduced into the steel, then it must adapt
itself to some new and separate form of existence. And it does so to the extent that as no iron is
available with which to form pearlite the surplus carbide exists alone and isolated in the form either
of envelopes around the crystal grains or as needles or small nodules within the crystalline grains.
It need only be said that ferrite or pure iron is soft and tough, that carbide of iron is extremely hard
and brittle, and a mental picture can be readily formed of the mechanical properties of
Mild steels which contain much free ferrite.
Steels consisting entirely of pearlite, in which the brittle carbide is always sandwiched
between two pliable neighbours,
Steel containing free carbide of iron (or cementite) ai a hard brittle envelope separating one
composite pearlite grain from another.
Structure and Properties of the Soft Core
The practice of cementation has almost ceased to exist as a steel making operation, but it flourishes
exceedingly as a case-hardening operation applied to mild steels, The practice finds favour because
quantities of small objects ca be readily machined from soft steels, because it may be easier to
harden a cased object then one made from high carbon steel or because a case-hardened object is for
many purposes more reliable on account of the soft steel core. The condition of the core or uncarburised portion is of first-rate importance, and the aim in most cases is to bring it into a
comparatively soft and fibrous condition, whether it is associated with an armour plate weighing
many tons or a small rivet weighing only a fraction of an ounce.

As cementing operations cannot be effectively carried out a temperature much below 900° C., and
occupy lengths of time varying, say, from one hour to ten days, the steel becomes unavoidably
overheated both in the core and the case. If quenched directly from the case-hardening box signs of
overheating are visible in the coarse crystalline fracture such articles always possess The casing is
brittle and apt to shell of or crack, and the core is not very resistant to sudden shocks. Cementation
to more than a superficial degree, cannot be accomplished except at such temperatures as overheat
the steel and produce coarse crystals in it. But the structure can be refined, and the following
extreme instance has been chosen to illustrate the nature of the changes involved.
A bar of mild steel when badly overheated and slowly cooled consists of crystalline grains of
irregular outline whose internal structure as seen within the white boundaries of ferrite is
remarkably uniform. Fig. 3. might be taken to represent a section cut from an overheated bar or
from a mild steel casting. Whether we wish to refine the crystalline structure of a casting or an
overheated steel bar the principles of the process involved are the same and may be illustrated by
the changes in structure of material represented by Fig. 3. during the refining operations. This piece
of steel contained .29 per cent carbon and .64 percent manganese.

The centre piece in Fig. 4 may be taken to represent a block of steel weighing anything from ten to
twenty-five pounds. A large central hole has been bored to accommodate a thermocouple attached
to a recording pyrometer, and a number of small holes have been bored into its side, Into these
small holes a number of pegs made from an over-heated steel are inserted and the centre block with
pegs and couple is located inside a gas-fired furnace which, by means of a special piece of
apparatus, can be heated or cooled with perfect regularity at the rate of fifty degrees per hour, or at
any slower or quicker rate as may be desired. If then at certain intervals of temperature one of the
pegs is withdrawn and rapidly quenched in cold water, we shall fix in it something like the kind of
outline structure which existed at the moment of withdrawal, and after polishing and etching it the
structure can be examined under the microscope or photographed for record purposes. The arrows
and numbers on the curve of Fig. 4. represent the time and temperatures at which pegs were
withdrawn, and it may be noticeable also that the curve shows clearly the critical thermal ranges
both on heating and cooling at which the pearlite range in the large block was transformed into
something else (on heating) and again resumed its original form (on cooling). These physical
changes corresponding to the jogs C and R in the curve are known respectively as the calescence
and recalescence changes.

All the pegs withdrawn before the temperature reached 700 oC were unaltered either in structure or
any other determinable property. The peg withdrawn at 720 oC. Also did not vary in any essential
respect from the original material represented by Fig. 3. In the peg withdrawn at 750 oC., the general
structure remained the same (Fig. 5.) but peg was now found to be hard to the file and would break
rather than bend if gripped in a vice and struck with a hammer. Some change had obviously
occurred the nature of which may be discoverable. On examining suitable prepared sections under
the microscope, it is found that whereas the original material observed at large magnifications was
striated in the pearlite areas as seen in Fig. 6. the striation of lamella in the peg quenched out at
750oC have diffused into each other and are no longer visible, nor do they exist as such (Fig. 7.)
The peg is quite as hard as hardened tool steel in the patches previously occupied by the pearlite,
although the ferrite or pure iron areas are not appreciably harder than before.
From this point onward the transformed pearlite and the free ferrite adjacent to it diffuse into each
other, and the undisturbed sharp outline between one constituent and the other, which is so obvious
in Fig. 7 after quenching at 750° C., is considerably disturbed in the piece quenched out at 780° C.
(Fig. 8), This interdiffusion takes time to reach a state of equilibrium corresponding to any
particular temperature, but once that equilibrium has been established a further lapse of time does
not alter the structure. With further rise in temperature, however, the degree of interdiffusion
increases, and at 820° C. is so far advanced (Fig. 9) that only the merest suggestion of the original
coarse crystalline outline can be distinguished.

In the peg withdrawn at 850oC. The diffusion was found to be complete (Fig. 10). But the
interdiffusion of the two constituents has not only obliterated the original coarse outlines along
which a shock fracture between one crystal and the other could be easily led, it has also permitted
the material as a whole to break up into a mass of much smaller crystals, The crystalline structure is
now so fine that a magnification of 25 diameters as used for all the previous photographs gives no
longer a useful idea of what is taking place, so that Figure 10 and the rest of this series were taken at
a magnification of at least 100 diameters.
On comparing the mean size of the crystalline grains in Fig. 10 with the larger grains in the original
structure it is surprising to what extent the former have been disintegrated, as it were. In order to
make the comparison easier, as part of Fig. 5. has been magnified to the same extent as Fig. 10. and
a portion of the latter figure has been inserted within the former. In the area occupied by the large
crystal there is sufficient room for 400 of the average sized crystals existing in the refined material.
But the photographs (Fig. 11) deal with the surfaces only and not the volumes; if, however, we
assume that the third dimension of the crystals is of the same order as the two measurable
dimensions it is found, by calculation, that the approximate number of smaller crystals which have
replaced the lager primary one is eight thousand.

It is perhaps not strictly true to say that the refining of an overheated steel is effected as soon as the
pearlite, which becomes transformed always within its own areas at about 740 oC., has been
interdiffused completely with the free ferrite, in low-carbon steels, or with the free cementite in

high carbon steels; but it is certainly impossible to refine a steel satisfactorily unless the temperature
has been sufficiently high to permit the interdiffusion to occur completely, It is therefore of great
practical importance to know what temperatures should be chosen for steels of varying composition,
and on that account it may be permissible to refer to a graphic representation (Fig. 11a) known as
the iron-carbon equilibrium diagram.

The ordinates are amounts of carbon existing in the steels and temperatures in degrees centigrade.
So far as case hardening is concerned, we need interest ourselves in the line EGI and the line ID.
The meaning of these lines is that any steel whose composition lies on the horizontal ordinate,
whether it consists of pearlite and ferrite, or pearlite and cementite, in the normal state, will exist as
one completely interdiffused and homogeneous material when the temperature represented by a
vertical line drawn through a point representing the composition of a particular steel cuts through
the curve EGID.
But the line EGID represents data observed during cooling operations, whereas the case-hardener
wishes to know when the interdiffusion is complete on heating rather than the temperature at which
the constituents dissociate on cooling. All he needs to do to get that information is to add 50 oC to
the indications in the diagram, and to discover that a much-derided theoretical deduction is of
considerable value in the workshop.

On pursuing the same method of observation during the cooling period, it is found that the
completely diffused and apparently homogeneous material begins to reform distinct constituents as
soon as the temperature falls to a certain figure which is constant for the same kind of steel. For the
material under observation the highest temperature at which traces of free ferrite should be
observable, according to Fig. 11A, is 800° C., and we find as a matter of fact that the peg withdrawn
and quenched at exactly 800° C, does show, here and there only, very small specks of ferrite (Fig,
12).

As the temperature gradually decreases more and more ferrite falls out of solution, The amount
formed by the time 760° C. is reached clearly visible in Fig. 13, and at 740° C. the greater part of
the ferrite has already been deposited (Fig. 14). The amount increases when the jog R in the cooling
curve (Fig. 4.) is reached. At that moment, the condition of the steel is very much like it was during
the heating operation when the pearlite areas had undergone the transformation but had not yet
diffused into their adjacent constituents (Figs 6 and 7). The next peg was drawn at 700, after all the
free ferrite had been already formed, and just as the pearlite areas were in the act of assuming the
original sandwich-like appearance. In Fig. 15, made from the peg withdrawn at 700 oC., the
laminated structure of the pearlite already formed is seen side by side in the same patch with the
unchanged solid solution, as it is called.
After all the available free ferrite has been formed and the residual solid solution has dissociated
into pearlite then nothing more by way of structural change can occur. The microscopic appearance
of the material is now fixed in the form shown in Fig. 16. What has been accomplished during this
excursion into the region of high temperatures and back again is brought out graphically by the two
low power photographs in Fig. 17, which were made from the same material before and after the
refining treatment. The comparative photographs may be taken to represent, broadly, though not
actually, the respective conditions of the core of case-hardened objects which on the one hand have
been quenched direct from the box, and on the other hand have been reheated to 900 oC, cooled in
air and again reheated for final quenching.

Double Quenching
When case-hardened objects, which have been already refined by reheating and air-cooling, are
reheated to a lower temperature, say 780° C., and quenched in order to harden the case we know
what will happen to the core. The transformation in the pearlite areas will take place as the
temperature rises through 750° C., and they will then diffuse somewhat but not completely. The
resulting structure will be fixed more or less, according to the thickness of the bars, etc., by the
subsequent quenching, but there will be always a considerable amount of free ferrite to impart
softness to the core.
But if the bar after the first heating to the higher temperature, i.e., until the constituents have
interdiffused completely, is quenched in water, instead of being allowed to cool in the air or
otherwise, then the condition of the material before final quenching is quite different. It is just as
truly refined because all heat-treatments applied to steel with the object of refining coarse structures
—mechanical work being, of course, excepted—are operative only during the heating period; the
difference in the rate of cooling, as between air and water, being of little or no consequence so far as
the size of the crystalline grain is concerned. The difference, however, between specimens which
have been quickly and slowly cooled from the high refining heat is of great consequence to the
case-hardener, whose aim it is to produce a hard case around a soft flexible core which, on being
fractured. will have a grey fibrous looking appearance. What those differences amount to can be
adequately expressed only in terms of structures and associated mechanical properties. It is
therefore necessary to revert again to the only reliable method of asking and answering questions,
viz., careful experiment and close observation.
What happens then if a piece of mild steel, which has been already quenched to fix the constituents
in the completely diffused state, be again reheated to such temperatures as are employed in the final
hardening of the carburised layer of case-hardened objects; and in what respects the core of such
objects differ both structurally and mechanically from the core of an object whose constituents are
in the normal or undiffused state?
The temperature employed for the final hardening of case-hardened objects must be at least 750°C.
and is not allowed generally to exceed 800 oC. In mild steels of the same ultimate chemical
composition, within or about the range of temperature, it is possible to have represented three
distinct conditions as follows:
(A) Material previously quenched from completely diffused state.
(B) Material previously in the normal or annealed state.
(C) Material previously diffused and cooled only to the lower temperature.
For purposes of observation of case-hardened steel 1 inch by 3/8 inch containing .10 per cent of
carbon and .20 per cent of manganese were heated to 920 oC. Pieces marked A were quenched in
water, pieces marked B were cooled down to ordinary temperature in about two hours, and a piece
marked C was at a temperature of 920° C. when along with a piece each of A and B it was placed in
a furnace at 700°C. After being kept at 700oC for one hour the three pieces were quenched in water
and then prepared for photographing. Similar pieces were also kept for an hour at 760, 800 and
820oC., but we need look closely only at the results of the pieces which were finally quenched from
800oC.
What is most strikingly brought out by a comparison of 800 A, B, C (figs. 18, 19, 20) is the fact that
the completely diffused and quenched material does not again form significant parches of the two
constituents on reheating for the final quenching operation (Fig. 18}, That the completely diffused
(solid solution) areas do undergo a marked change when the hardening temperature is reached is

undoubtedly true, but there is not the time even if they had the disposition, during the course of one
hour at temperatures below 800oC., for the material to dissociate and form afresh the comparatively
large masses of ferrite which existed in the original material and exist also in Figs 19 and 20.

What happens to the “A” material during the reheating operation may be expressed in non-technical
language as follows: The material gradually softens, as all hardened steel objects do on reheating,
up to a temperature just short of that at which the possibility of hardening the normal steel occurs
(say 740), and during this period some modification of what we know as pearlite is formed. At the
hardening temperature (say 750) the modified pearlite diffuses within its own minute areas as the
normal material did in Figs 6 and 7, leaving a rejected amount of free ferrite in an extremely fine
state of division disseminated with great uniformity and thoroughness throughout the mass of
material. This explanation is not free from certain elements of assumption, but it provides a working
hypothesis for a difference between the doubly quenched and singly quenched materials to which
the case-hardener attaches a great deal of importance, namely, the greater tendency of double
quenched material to fracture with “fibrous” core.
A fibrous core may be obtained in case-hardened wrought iron if it is quenched direct from the
cementing box, but a quickly made fracture will always expose a crystalline appearance in a mild
steel object which has been treated in the same manner. This does not mean that the one material is
an aggregation of crystals and the other is not; both, of course, are crystalline in the sense that they

are composed of crystalline grains as are all metals. It does not even mean that the crystals in the
one case are smaller than they are in the other, though, as a rule, other things being equal, the
material having the smaller crystals is most apt to break with a grey “fibrous” fracture.
A crystalline fracture means an intercrystalline fracture, that is to say, the material has separated
into two or more pieces along the junctions between the crystals. On the other hand, in the fibrous
material the cohesion between the crystals has been stronger than the crystals themselves, and under
the effort to separate them they have distorted and elongated and ultimately present a mass of
rugged broken ends of a grey colour which has the appearance of “fibre.” Every mechanic knows
that a piece of mild steel made sufficiently thin and humoured in the breaking can be made to
expose a fibrous fracture, whereas the toughest of wrought iron would exhibit a crystalline fracture
if broken appropriately and with sufficient rapidity.
That a case-hardened object in general should break with a fibrous fracture is undoubtedly
desirable, but it is not always essential, and more indeed may be paid for the fibrous appearance
than it is actually worth. If the contention be admitted that the “fibrous” fracture is due to a
deformation of the crystals themselves by a lesser effort than would be required to separate the
crystals from each other, then obviously a fibrous fracture may be ensured in either of two ways
(1) By increasing the intercrystalline cohesion.
(2) By decreasing the strength of the crystals themselves and there are means whereby the
former purpose may be accomplished even on a very coarsely crystalline material without
deteriorating the strength of the crystal itself. Such means, however, cannot be usefully applied to
case-hardened objects.
But there are purposes for which mild steels with fibred cores are not so suitable as a harder steel in
which it may be impossible, under manufacturing conditions, to produce fibre. Ball races, and such
articles as have to withstand a heavy crushing load and at the same time preserve a continuous and
un-splintered surface, are the most noteworthy instances. In some of the Continental countries such
articles are made from high carbon steels, and sometimes even from chromium steels
which are hardened without being cemented; but in England the races are generally made from
case-hardened steel and the finished articles have a fine crystallised core which is specially adapted
to resist heavy crushing loads. The fracture of such objects is very much like that illustrated in Fig.
21.

Quite apart from the contention in the last paragraph there is the question of whether the core of a
case-hardened object made from a particular kind of mild steel shall be made fibrous or allowed to
remain crystalline. If the former is desired, then it can be secured by double quenching more
certainly than in any other way. It cannot be secured at all if the articles are quenched direct from
the cementing furnace, because under such conditions the crystalline structure is large and the
crystals themselves are comparatively hard, and both these circumstances as we have seen are
favourable to intercrystalline fracture. If after the refining heat the objects are air cooled it may be
possible to produce a fibrous fracture because the crystalline structure is small. But if the objects are

water quenched from the refining heat and again rehardened the conditions are most favourable,
because in addition to being small the crystals have also the internal structure of hardened and
tempered steel and are more homogeneous than those cooled more slowly from the refining heat.
Just as air cooling from the refining heat is less favourable to the production of fibred cores than is
water quenching, so oil quenching also is less effective than water for the purpose, because its
cooling effect is less rapid, and it does not preserve the constituents of the steel so completely in the
interdiffused state. But oil is frequently used if it effects the desired purpose, as it causes less
warping in the object and less danger of cracks and splintering in the case.
Whilst being reheated for the final hardening the core becomes softer and softer as the temperature
rises and attains the maximum degree of toughness and softness after water quenching from a
temperature between 720° and 740° C. The ideal condition for the production of fibrous cores
would be attained if the casing could be effectively hardened from this range of temperature; but it
cannot. Any temperature from which quenching will confer hardness on the cemented case will also
confer some degree of hardness on the core, because the pearlite areas in low carbon steel are
transformed into the hardenable state at about the same temperature as a like change occurs in high
carbon steel which contains an equal amount of manganese, etc. It may occasionally be practicable
to heat the casing to the hardening temperature so quickly that the temperature of the core lags
appreciably behind it just as the teeth of taps and reamers may be hardened without hardening the
main body of the tool; but such practices are only of limited application and rarely commendable,
What should, however, be aimed at is to use the lowest temperature at which the case can be
brought to the desired degree of hardness without risking the formation of soft spots, as under such
circumstances the core in thick objects will be hardened only to a slight extent. When thin objects
are being dealt with the desired purpose is assisted either by using steel which is as low as possible
in carbon and manganese or by quenching in oil instead of water, The fractures in Fig. 22 were
made from portions of the same case-hardened bar after quenching from the same temperature in
water (A) and in oil (B). These remarks about quenching temperature apply also, of course, to cores
of case-hardened objects in general which are kept as soft as possible whether they are intended (o
be “fibrous” or not.

It has been said that many manufacturers of case-hardened articles attach an unmerited value to the
appearance of fibre in fracture surfaces, and especially in demanding that the fracture Shall have the
torn and reedy appearance to be seen at its best in the fractured surfaces of wrought iron bars. There
can be no question that the short grey-looking fracture indicates toughness and is worth the labour
of producing if it involves no actual disadvantage in other respects. But it should be clearly
distinguished from lamination, which heightens the appearance of fibre and may or may not be
advantageous to the behaviour of the core and is always more or less disadvantageous to the
behaviour to the behaviour of the casing. The lamination referred to is due to imperfect continuity

in the bar caused by spongy ingots having been imperfectly welded in the hammering or rolling
operation, or by the occlusion of slag which has been drawn out with the bar into streaks. Where the
streakiness is due to occluded slag and besides being incidental to the mode of manufacture is
supposed to be a virtue, as in shear steel, it has been found possible to simulate its appearance by
casting spongy ingots.
But does the case-hardener want either seams or slag streaks, and is he prepared to put up with them
in the hardened case as well as utilise them in the soft core? The presence of numberless slag
streaks of visible dimensions is unavoidably associated with the mode of manufacturing wrought
iron. They are but the remnant of slag which could not be squeezed from the puddled bloom. They
are the main distinction between dead mild steel and wrought iron, and their presence explains why
wrought iron is more highly prized than ingot iron for the cam shafts of quartz crushing stamps, and
other objects exposed to very great transverse stocks.
If use be made of a suitable piece of apparatus, say an impact testing machine, such as is
represented diagrammatically in Fig, 23, for measuring the energy required to break a notched bar,
it will be found that the impact figures are abnormally great when material containing slag streaks
or seams 18 broken by a blow delivered at right angles to the direction of the streaks, whereas the
impact figures are abnormally small when the blow is delivered in a direction parallel to the streaks
as indicated respectively by A and B in Fig. 23a.
The following are a few typical figures relative to very varied kinds of material, which indicate the
relative strength of the material when stressed by shock along and across the direction of rolling.

The effort required to force a fracture across a bar of streaky iron or steel is greater than the effort
which would be required by material of the same kind free from slag streaks or seams. Accepting
the photograph reproduced in Fig. 24 as a representation of a notched bar it is clear that the crack
already started from the bottom of the notch could be extended through the bar by a certain definite
effort if the material were homogeneous. When, however, the crack in its course reaches the slag
streak the bar has been already bent through a greater or less angle, and the bending force is no
longer acting strictly parallel to the direction of the crack. This means that part of the bending effort
tends to divert the crack via the slag streak parallel to the length of the bar, and so much effort is
entirely lost as far as the original purpose of breaking the bar across is concerned. Moreover, before
that portion of the crack under consideration can continue along the intended path it has to make a
fresh start and must distort the material in its immediate neighbourhood until a new crack is started,
Everyone knows as a matter of experience that it is more troublesome to distort soft material into an
initial crack than it is to continue a crack which has already begun. It is therefore not difficult to
realise why the occurrence of streaks and seams in a bar of iron or mild steel increases the effort
required to propagate a crack across it. It should also be frankly admitted that from this particular
point of view the seams or slag streaks are of value. But it must also be realised and admitted with
equal frankness that to crack the bar along the direction of rolling will be proportionately easy,

Lamination in wrought iron as disclosed by fractures made across the direction of rolling or
hammering follows inevitably from the presence of occluded slag streaks. The manner in which the
lamination develops may be illustrated by making a “V" notch on the edge of a sheet of note paper
which has been streaked along. its length with the point of a sharp knife. When the paper is taken
with a thumb and finger on either side of the notch and an effort is made to tear it across, the tear
will branch off at right angles along the first deeply streaked line; and unless a new notch is made
the tear will follow a very irregular path before reaching the opposite edge of the note paper. It in
the same way by reason of transverse weakness, due to a cold-drawing operation, that hard steel
wire, such as is used for colliery ropes, will break at an oblique angle when notched and bent,
though this case may be nothing more than an example of partial cleavage, as in slates, due to
pressure exerted at right angles to the subsequent cleavage planes.
Structure and Properties of Hardened Cases.
The failure of hardened steel objects during or prior to use is rarely caused by any one simple and
well-defined cause. With an altered design the material used would have made an efficient object; if
a different material had been used the accepted design would not have been objectionable. Also,
some degree of overheating and careless quenching may be negligible or lead to disastrous results
according to the prevailing conditions with which they are associated. It is quite possible therefore
to find numerous examples which controvert the general statement that free cementite in casehardened articles is objectionable,
The presence of free cementite in commercially produced objects is due to the casing operation
having been conducted at too high a temperature, and in extreme instances it may be detected along

the edges and especially about the corners of a fractured surface, to which it gives a very coarse and
markedly crystalline appearance; when examined by means of a hand lens the separate crystalline
grains stand out with great distinctness. If the case-hardened object is required to withstand a
vigorous rubbing or rolling action without shock its surface will wear all the better for containing
free cementite when it has once been smoothly finished and got safely into use. But it should be
remembered that cementite is an extremely hard and brittle substance existing in steel in a pattern
very much like the appearance of cracks in crazy glass; and also, that it exists In greatest amount
and the most dangerous condition in those parts of the object i.e., corners and edges, which are most
exposed to destructive stresses during the quenching operation.
Free cementite has not the same co-efficient of expansion as the material in which it lies embedded,
and its occurrence is on this account very unfavourable to both the origin and extension of cracks.
The dark outlines in Fig. 25, made from a case-hardened object, are free cementite (made visible by
boiling the polished specimen in a solution of sodium picrate), and the path of the obvious crack is
seen to be coincident with the cementite outlines.

When material (containing free cementite) has been allowed to cool in the cementing box it has a
coarse overheated structure not only in the core, as explained previously, but also in the case. And
just as no effective refining of the structure can take place in the core until it has been reheated to a
temperature at which the pearlite areas interdiffuse completely with the ferrite, so also on the other
hand it is impossible to refine the outermost layers of the case, until all the pearlite and free
cementite which they may contain have completely diffused into each other. Because this condition
has not been complied with it is by no means uncommon to observe a coarser structure about the
corners than in any other part of the fractured case. Free cementite, if sufficient in amount, will
form complete envelopes around the crystalline grains and the size of those grains will correspond
to the degree of overheating attained in the cementing operation. Any reheating temperature which
is insufficient to dissolve the cementite envelopes will leave the size of the crystalline structures
unchanged. The minimum temperature required to refine coarsely crystalline material which
contains free cementite depends on the amount of carbon present in that part of the casing in which
it exists. The greater the amount of carbon the higher the refining temperature must be the relation
between these two variable being shown approximately by the line I D in Fig 11a.
Where the practice of a preliminary quenching from a high temperature in order to refine the core is
adopted, it is fairly safe to assume that all the free cementite will interdiffuse completely with its
adjacent pearlite if the carbon does not exceed 1.30 per cent., and this allows for a liberal margin of
error in the cementing temperature. During this operation a portion of the cementite will be fixed in
the diffused state and the remainder will fall out again as cell walls of smaller dimensions, in a
needle-like form, or in both states as exemplified by Fig. 26. In this more attenuated form, the
cementite is less favourable to the formation and extension of cracks; but its presence in any form
whatever decreases the safety with which the high-temperature quenching operation can be used.

When the occurrence of free cementite is intentional the circumstances are generally such that it
dues not greatly matter whether the core of the objects are made fibrous or not the high temperature
quenching treatment, with its attendant dangers, may be avoided, or in certainly special objects,
such as armour plates, the soft portions are made fibrous beforehand and kept cool during the final
reheating and quenching. But so far as the bulk of case-hardening work is concerned the most
satisfactory attitude towards free cementite is to keep it out of the casing altogether, and this can be
done most easily by controlling the temperature of cementation.

What has been said in the last few paragraphs about the origin of cracks owing to the presence of
free cementite applies also to incidental slag occlusions, though the trouble on the one hand must be
shouldered by the case-hardener and is avoidable, whereas the steelmaker is responsible for the slag
streaks, and they are to some extent unavoidable. It is so much easier to blame the steelmaker when
the hardened surfaces crack and flake off, than to make a careful investigation which may locate the
blame elsewhere.
Soft Spots.
Soft spots may occur on the surface of case-hardened objects owing either to an insufficient
temperature having been attained in the reheating furnace or to the temperature having been
depressed locally in transit between the furnace and the quenching tank. The precise reason may be
handling with cold or wet tongs, contact with on unevenly heated furnace bottom, accidental
splashing of water, or momentary contact with some colder surface during transit to the hardening
tank. The soft places are detectable with a file however arise but is not possible by means of a file to
determine whether the soft places have arisen because they have never been heated to the proper
hardening temperature or because the temperature prior to quenching has been locally depressed in
an accidental manner.
It is possible, however, to distinguish between soft places which originate in either of the following
ways:(1) Because the minimum hardening temperature has not been reached in the reheating
furnace.
(2) Because the temperature has been locally depressed, or the quenching liquid has not
cooled the object uniformly.
If in the farmer case the brightened object be Immersed in a solution of alcohol or un-mineralised
methylated spirit, t which 2 per cent, by volume of nitric acid (S.G. 1.42) has been added, the soft
spots will become rather lighter in colour than the hard surrounding portions, But if either condition
mentioned in the second case has prevailed then the soft areas darken very quickly when brought

into contact with the acidified spirit, A very good example of a case hardened ring which was found
to be soft alter quenching is reproduced in Fig. 27.
The ring wan found (o be soft in unusual places when tested with a file, but the dark outline which
appeared immediately on etching the brightened ring disclosed not only the exact location of the
soft places but indicated that the trouble was due neither to insufficient heating nor accidental
cooling but to want of uniform and rapid quenching in the hardening tank.

.

No available magnification enables the microscope to discover in the dark outline of Fig. 28,
anything but a dark-etching structureless substance. When steel cools very slowly from the
hardenable condition the pearlite laminae formed are always visible at a magnification of two or
three hundred diameters; but the more rapidly the steel cools through the hardening range of
temperature the less clearly defined the pearlite becomes; and ultimately, when the rate of
quenching is retarded in the hardening range, suppression of the pearlite formation is incomplete,
and the laminae if they exist at all are ultramicroscopic, i.e., unmeasurably small, When the steel
occupies this midway condition it etches quickly with a dark colouration, and in this state is known
as troostite, These conditions of cooling must exist at some point between the extreme surface and
interior of most case-hardened bars, and, after quenching, dark etching patches to correspond can
usually be found on grinding, polishing, and etching a transverse section.
investigation of objectionable features, such as soft patches, it is sometimes necessary to allocate
the responsibility for them to one operation or another, or to one department or another in a
manufacturing concern, However delicately the decision may be expressed it should be supported
by the most conclusive evidence obtainable, On this account it may be usefully observed that the
rapidity with which the soft patches etch black, the general shape in which they occur, and, most of
all, the way they lighten in tint on the edges and form a cellular fringe which is clearly visible under
the microscope, are indications which do not occur simultaneously in soft patches unless they are
caused by imperfect quenching. The cellular dark-etching fringe referred to is illustrated in Fig. 28.
Fringes of a similar kind occurring about the edges of transformed pearlite areas in the core of a
case- hardened bar are reproduced in Fig. 29.

Soft patches may also be due to decarburisation of the surfaces during the reheating operation, or to
the cementation having failed locally for some reason or another. The first named is an unlikely
occurrence and one hears of the second as an excuse which is frequently made and rarely

confirmed. An article may warp during hardening to such an extent that in the subsequent grinding a
harmful thickness of the casing is removed from the convex places. But in all cases where lack of
sufficient carbon is the cause the soft patches remain soft after the object has been hardened
whereas soft patches due to imperfect quenching or to the frictional heat of grinding become hard
again.
Soft patches may originate very easily and actually do originate very frequently in the grinding
operation, If a small object such a piston pin be ground with a dry emery wheel it becomes too hot
to handle and is soft over the entire surface, The frictional heat generated between the pin the wheel
is dissipated mainly as:
(1) Sparks.
(2) In the current of air due to the revolving wheel,
(3) In the pin itself.
It is well known that the sparks are particles of metal torn or cut from the steel with so sudden a
violence that the particles are raised to incandescence and actually melt during their swift passage
through the air. It is therefore not difficult to realise that the hardened surface of the pin is softened
locally and seriatim during the contact between the wheel and the pin and not appreciably by that
portion of the total heat generated which is diffused through the mass of the pin, It is found,
moreover, that a soft patch purposely produced by rash grinding is much harder underneath than on
the surface which could be so, only if the softening occurred as suggested at the moment of contact
between the hard surface and the wheel,
It follows from the above that however bulky an object may be, or however copious a supply of
water may be available, the production at soft parches on grinding will need to be carefully avoided.
The following are useful precautions:
(1) The operator must realise that it is possible to produce soft spots by grinding.
(2) The wheel should cut freely.
(3) The feed should be automatic and consistent with such conditions of cooling, etc., as
experiment shows do not produce soft spots
(4) The wheel should be dressed frequently, and the particular object ground immediately
before dressing should be carefully examined.
(5) Special vigilance should be exercised when a new wheel is put into use.
(6) Objects should be kept as straight as possible in hardening, so that the amount of metal
to be ground from any part is not excessive,
The soft spots produced by grinding will also etch dark when immersed in the acidified spirit, but
they do not etch so readily nor to the same black tint unless the surface of the steel has been
momentarily raised to redness. A hardened steel surface may be momentarily raised to redness by
pressing it against an emery wheel without any appearance of redness being visible during the
operation. Under such circumstances the mass of cold metal cools the hot surface with a rapidity
comparable with that of quenching, So that a hard patch could be produced on the surface of
unhardened steel or a soft patch on the surface of hardened steel by the same operation, The former
case would be an example of retarded hardening such as arises from imperfect quenching, and the
patch would etch very dark in the acidified spirit and exhibit also the cellular fringe illustrated by
Fig, 28.
But no serious confusion is likely to arise in the effort to distinguish between very dark etching
areas which may be ascribed to the hardening and those ascribable to the grinding operation, At
comparatively low mage magnifications the latter kind exhibit streakiness due to the varying effect
of the separate grains in the emery wheel (see Fig. 30), whereas the former is an amorphous layer
without any kind of pattern whatever.

The fact that a grinding wheel does remove metal by carving out successive furrows from its
surface may be illustrated by carefully grinding the cutting edge of a hardened and tempered tool
such as a joiner’s firmer chisel. The flash adhering to the cutting edge may be seen to be a fringe of
fine flexible steel strips, as in Fig. 31 which have been separated from each other at distances
corresponding to the emery grain. A perfect fringe can be reproduced on hardened and tempered
steel only; on soft steel it becomes shapeless and on hard steel it breaks away before it can be
completely formed.

The occurrence of soft spots whether due to imperfect quenching or grinding may cause cracks and
flaking on the face of the case-hardened object. Consider the conditions favourable to actual
rupture; the surface of the hardened object is permanently expanded, but the soft portion is not
permanently expanded to the same extent and must, therefore, so long as it remains a continuous
part of the surface be in a state of tension and actually stretched. This softer part is least capable of
stretching near its edges. and any disturbance, such as slight rise in temperature or shock, may cause
the limit of ductility to be overstepped; the soft patch being now free to move on its own account
contracts on itself and leaves a distinct break about the outline dividing the harder and softer
portions. An instance of this kind occurring on the surface of a case-hardened ball race is shown is
shown in Fig. 32., which also by the file marks illustrates the relative softness of the splintered
portion. When flakes of this kind are removed, they are generally found to be thicker in the centre
tapering to a very thin edge; they are also hard on the underside.

NITRIDING.
A Method of obtaining very hard Steel Surfaces,
Dr. W. H. Hatfield.
Director Brown-Firth Research Laboratory
(Lecture delivered to the Co-ordinated Societies on the 15th of January 1931, in the Chamber of
Commerce. Mr. T.G. Bamford, M.Sc., in the Chair, and about 80 persons present.)
To produce a hardened surface upon mild steel by the case-hardening process, i.e., surface
carburising followed by quenching in water from the hardening temperature, has been known and
practised for many generations. Such procedure is very effective and largely used in many
directions. The parts to be treated are packed in carburising material and raised to the relatively high
temperature of 890° to 900°C. and maintained for some hours at that temperature according to the
depth to which it is desired that the carbide of iron, produced at the surface, shall diffuse. Great care
is taken to pack the articles so that they can expand freely during this heating, or otherwise they will
become distorted. Care also is taken to prevent an excessive cementation, or otherwise too much
free carbide will be found in the carburised skin, and brittleness of the hardened case will result.
After the carburising process, the parts are given a refining treatment and are then subsequently
hardened in water. The hardening operation demands symmetrical heating and quenching to prevent
warping or cracking. It will be thus seen that this process is complex and demands complete and
skilled control.
To produce a hard surface by immersing in molten cyanide is well understood, but the limitations of
that process and the poisonous nature of the fumes, have resulted in no considerable application. A
great advance was made in the art of producing hardened steel surfaces, when Fry* discovered,
after a lengthy research, that a perfectly hardened surface could be prepared by a simple and single
heating in ammonia gas at 500°C., which is only a black heat. This result was achieved by using a
steel of a special composition, i.e., containing about 1.5 per cent. of chromium and about 1.0 per
cent. of aluminium. Machlet, in 1913, had indicated that ammonia at such temperatures would give
a hardened surface, but it was left to Fry to determine, after experimenting with many compositions,
that an effective result, i.e., a surface of abnormal hardness, could only be obtained when the steel
contained both chromium and aluminium. A steel and process were thus developed very soon,
which can now be stated in detail.
THE NITRIDING STEELS AND PROCESS.
The
Steels.

The steels, which, as a class, are known as Nitralloy, have the general characteristics of high
tensile alloy steels. They are hardened and tempered to give the required mechanical characteristics
which remain those of the “core” of the finished article, since they are not affected by the surface
hardening process.
Typical analyses and mechanical characteristics after various. heat-treatments are given in Table 1.
Graphs, Figs. 1 and 2 give an indication of the wide range of properties which can be obtained in
the core as a result of the preliminary hardening ‘and tempering of the steel.

The Process.
The case-hardening treatment consists merely of heating the articles in an atmosphere of ammonia
at a temperature of 500°C., for periods up to 96 hours. No further heat-treatment is necessary, so
that articles so treated may be put to immediate use. Further, the low temperature of the treatment
produces no distortion in the articles provided that internal stresses have been previously removed
by tempering at temperatures above 500°C. The following details of procedure may be of interest.
(1) Rough machine to remove the bulk of the material as a preliminary operation to oil
hardening, leaving sufficient allowance, say about 8 mm. on all surfaces, so as to reduce as
much as possible the deformation which might be caused by quenching. Good radii should
be left everywhere, and all corners should be made rounded. The above is necessary in the
case of bulky forged blanks, but not in the case of drop-forgings which have no excessive
amount of metal on them.
(2) Oil harden and temper. Should distortion take place to an extent to make machining
impossible, the part can be straightened, care being taken to warm it for this purpose. Before
proceeding further, it should be heated to 550°C., exactly as at operation (4).
(3) Machine to within 2 to 3 mm. on all surfaces.
(4) Heat to 550°C., keeping the part at this temperature for 4 to 6 hours, and cool freely in
the air. This treatment is to allow the part to take its definite set to avoid any distortion
during the nitriding process. If appreciable deformation takes place, straighten and repeat the
heating to 550°C.

(5) Complete machining, including grinding. On portions which will receive the nitride
hardening, sharp changes of section should be avoided and all corners well rounded and the
edges of holes made to merge gradually into the surfaces into which they are drilled.
(6) Nitride. The final nitriding hardening process leaves no scale, but merely a coloured film
which should be removed from the working surfaces with very fine emery cloth, or by
buffing or lapping. It increases to a very slight degree only the dimensions of the pieces
treated, so that normally parts are quite satisfactory when finish-ground before this process.
In any case in which grinding is done to a nitride-hardened surface, it should not exceed 0,002in.
from a surface.
In cases in which any portions are required to be left soft, the following operations will be necessary
between Nos. 4 and 5.
(4a) Completely machine the portions required to be soft, leaving untouched until operation
5 the portions required to be hard.
(4b) Coat the surface of the article by “tinning” Then proceed as in 5,
Should only some portions, such as the ends of shafts, require protecting, operations 44 and 4B
could be omitted and the ends tinned between operations 5 and 6, particular care being taken so as
to ensure that the tinning will not run on to portions required to be hard.
After tinning, the parts should be handled carefully so that the tin compound which is formed in the
surface of the steel shall not be scratched to impair its efficiency as a protection against the nitriding
action.
The allowances given for operations 1 and 3 are suitable for large parts, such as auto-mobile
crankshafts. For other parts, they should be suitably modified.
All scale and oxide should be removed, as it is important that this should not be present in the
nitriding furnace.
Applications.
The use of the “Nitralloy” steels and of the nitriding process, has developed considerably since their
inception. The author has had the opportunity of studying the development at first hand, not only in
this country, but also in the United States, Germany and France, and in each of these countries, the
process has secured a permanent field in many directions.
It is felt that real progress will be assisted by a frank discussion, not only of the successes achieved,
but also of the difficulties encountered, and the latter will therefore also be dealt with in a later
section.
Screw and plug gauges have been a great success.
For dies, etc., the process has been remarkably successful in a number of widely different cases.
Dieblocks for auto-mobile, parts, particularly for connecting rods, have given remarkable
performances; dieblocks for spanners have given record production, two or three times greater than
the previous best results. Moulding dies for such substances as resinous moulding compounds, have
proved to be a great advance. Dies for brick presses have given as much as five times the life of the
previous maximum results.

Pinions for small reduction gears are very successful. Other types of pinions and gears have proved
effective.
In connection with cement works, Nitralloy has found a number of permanent uses, as, for instance,
in the case of screw conveyor journals and caps, packing machine levers and cover plates, grooved
rollers, corrugating rollers, pump air rings, striking plates, links end pins, slurry nozzles, etc.
As regards the important process of coal pulverising, it has been found that the heaters and fan
blades are more successful in the length of life, when made from Nitralloy steel.
There are many types of spindle where much advantage is gained.
As regards pistons, etc., the intensely hard surface made certain the success which has been
achieved in the case of carbon dioxide compressors, pneumatic cylinder parts, etc.
Numerous pins required to resist wear have been ideal applications: whilst for gudgeon-pins of
various types, the process has been largely adopted.
In the case of rolls for cold rolling, the intensely hard surface has already scored a number of
successes, particularly with non-ferrous metals.
In automobile engineering, many parts are standardised in Nitralloy in some of the biggest
production units in Europe and America.
Although essentially and mainly, success in the foregoing cases is achieved as a result of the
abnormally hard case, yet in certain cases the result is facilitated by the increased resistance to
corrosion effects.
It should be remembered that an article so made has a core of similar characteristics to other high
tensile alloy steels, which may be modified to meet particular instances. This core supports a
hardened surface, which, owing to the action of the ammonia in the presence of both chromium and
nickel, has a hardness far in excess of that obtained in any other manner, i.e., a diamond hardness
number of 1,100 to 1,200. These characteristics dictate the process as obviously the most effective
for dealing with many problems, but, of course, do not lead to a solution of all questions where hard
surfaces are desired. The great success obtained in some directions, has frequently led to trials in
unsuitable instances, and those interested in the development of Nitralloy have been led to exclaim,
as others have done before, “Heaven preserve us from our friends.” It is to be desired that the
following remarks will lead to further development on lines where success is assured, and cause
hesitation where intention exists to try the process out under conditions already explored where
success is not likely to be attained.
The photographs shown in Figures 3 to 5 will give a good idea of the work which has been
adequately dealt with.

Troubles Experienced.
As regards the manufacture of the steel, which includes production of the ingots, forging, and the
rolling of the bars, it can truly be said that once the character of the steel is appreciated, the troubles
likely to be experienced are only those of a similar nature to those found in high tensile alloy steels.
As regards heat-treatment and mechanical properties, consistent results are obtained providing that
the hardening temperature is attained, and proper soaking has been given. A reasonable familiarity
with the technology of these processes will result in the characteristics of the material being suitably
brought out.
As regards the nitriding treatment, care should be taken to have the conditions uniform. The surface
of the article should be clean, and the flow of gas constant. Some little trouble has been experienced
through surfaces not being kept entirely clean and free from scale, etc. It will also be appreciated
that if the tinning effects are allowed to influence those portions of the surface which require
hardening, difficulty will be experienced. The resultant surface may tend to be variable in colour
and in depth of hardening, if these points are not watched. It is important that the flow of ammonia
gas should be accessible to all parts, with no stagnant zones.
It has sometimes been found that when the full-time nitriding treatment is given, the outer film of
the hard surface may be a little brittle, and in such cases, it is always desirable that one should resort
either to a light grinding or deep polishing, with a view to removing about .002" of the surface.
As regards growth resulting from the formation of nitrides in the outer layer, it is now recognised
that this is a slight advantage and is of the order of .001”. It is, however, in some cases a trouble,
since the exact amount for very precise work requires to be known, so as to avoid the necessity for
some final adjustment of size.
As regards stability of dimensions, it can be said that for ordinary purposes, the dimensions after
nitriding are quite stable. For the purpose of very special standards of dimensions (measured in
terms of millionths of an inch) Nitralloy, in common with other steels, may suffer slight slow period
changes, unless given a special “ageing treatment. It is true to say that insufficient investigation has,
as yet been done in this particular direction, but a suitable “ageing” treatment would be found to
consist of several heatings and coolings between 15 and 200°C., 15 and 150°C., 15 and 100°C., etc.,
followed by slow coolings.
Warping is at a minimum when this process is used, but when an unsymmetrical job is nitrided, the
new conditions in the skin do set up stresses which are also unsymmetrical. This is just a general
comment which will be found applicable in certain abnormal instances.
It has been said that the nitrided case is likely to flake, and this is true under certain conditions
of use. The main causes of this trouble are: (1) Severe local pressure, e.g., knife edges carrying heavy load.
(2) Localised impact (e.g., barrelling processes applied to nitrided balls, tappets, etc.).
(3) Severe and particularly rapid heating and cooling. The expansion of the skin occurs at a different
rate, lower than the interior.
(4) Severe bending or other stresses, i.e., of a local nature in excess of the elastic range of the case.
These effects naturally limit the application of the process in certain directions, and this is best
realised early on. It will sometimes be found that to use the harder grade of core material will
reduce the effects of local stressing.

One interesting case where lack of success prevented further application, due to surface tension
effects, is worth describing. This relates to the application of Nitralloy to tinning rolls. For these, it
was necessary for the tin to adhere to the rolls. Whilst it did so in the cold, and when moderately
heated, yet at the tinning temperature, in contact with palm oil, the tin came away and the job was
not successful.
As regards cases where wear is very heavy, as, for instance, grinding plates, sand-blast nozzles, etc.,
the thickness of the case is insufficient. Tor such purposes thicker cases are necessary, and it will be
realised that with Nitralloy, when the case has been worn through at one spot, the subsequent life is
short.
Necessity for Mechanical Precision.
The nitrided surface is essentially devised to withstand wear, and for many machine parts will have
to work in contact with other types of bearing surface, e.g., brasses, bronzes, steel, hardened and
unhardened, and cast iron. It is well realised that for satisfactory working, the fit of the various parts
can with more efficiency reach a high standard of precision. Any looseness or opportunity for
“knocking,” is obviously liable to give serious trouble with ordinary steels, and at the same time, a
fit that is too tight is liable to give rise to seizing. The importance of precision should be ‘even more
emphasized when dealing with nitrided surfaces. The presence of too much clearance, permitting
play and shock under heavy working conditions when acting on a super-hard, and therefore, less
ductile, skin of a nitrided article, is liable to cause cracking of the skin. It was found, for example,
that with certain pins working in links, a very satisfactory performance was obtained on the first
trial, but breakage occurred with a later model. It was found that whereas the clearance in the earlier
case had been limited to 1/1000", the clearance allowed in the second case was 1/16”. These pins
were working in cast iron and it was obvious that such an undue clearance was the cause of the
trouble.
As an example of insufficient clearance, a case was brought to our notice where seizing had
occurred between a spindle and a bush. The clearance allowed in this case was a quarter of a
thousandth of an inch, and as the spindle was working in contact with hot oil, the temperature had
set up thermal expansion, which, together with some slight distortion of the sleeve in which the
spindle was working, had entirely wiped out the clearance allowance and seizing had resulted.
These troubles will not arise when the conditions of working are correctly appreciated and suitable
“fit’’ allowances are introduced.
FURTHER DISCUSSION ON THE TECHNOLOGY.
Changes in the Analysis of the Steel.
Continued research does not fail to emphasise the excellence of Fry’s original work in fixing the
proportions of aluminium and chromium, which are the optimum ones for the surface hardening
effect. Researches have been conducted, both in this country and abroad, and the results are well
indicated in Figure 6, which diagrammatically illustrates the influence of varied aluminium and
chromium contents, as determined in the Brown-Firth Research Laboratories.

The position of the line indicating hardness in excess of 1,000, conforms with the result of Fry’s
deduction. This graph clearly indicates that with chromium alone, hardnesses jn excess of those
obtained from ordinary carbon steel cannot be obtained by the method of nitriding, whilst the same
is applicable as regards aluminium without chromium, until that element is present in excess of 2
per cent. Our own investigations have shown that whilst molybdenum is an advantage and
necessary with a view to the steel possessing a high impact value, yet the addition up to over 0.50
per cent., does not result in any increased efficiency in the hardness produced by the ammonia. It
has also been found that tungsten, titanium and vanadium are negligible from this point of view. It
has been stated by Satoh, that titanium acts like aluminium, but we have not found this to be so.
Again, Phillips claims molybdenum-aluminium steel to be equally good. This we have not
confirmed, but it might be observed that the molybdenum is a far more expensive element than the
chromium.
The conclusion may, therefore, be arrived at, that while ammonia, under the conditions of this
process, will give a hardened surface to many steels, the outstanding and important effect at present
under discussion, is only obtained by using steels within the original Fry composition.
It is of interest to put on record the results of a research conducted some years ago, in the BrownFirth Research Laboratories, in which a large number of the steels produced by the Companies with
which the author is connected, was put through the process. It was found that the high-speed steels
give a very high value, but this is of little industrial importance for two reasons. In the first place,
the steels are abnormally expensive, and, in the second place, say in the case of a tool, the thin hard
layer is ground away the first time the tool is put back for re-sharpening. Considerable experiments
were conducted to utilise this characteristic in the hardening of high- speed steel from the point of
view of cutting edges for heavy work, but experience showed it to be of little value. A number of
the alloy steels took on a partial hardening as for instance the nickel-chromium, nickel-chromium-

molybdenum, and nickel-chromium-tungsten steels, but in no instance was the hardness achieved
equal to that obtained from the Nitralloy steels.
Nature and Characteristics of the Case.
The nitrided case differs from the usual case-hardened case obtained on a carbon case-hardening
steel, in having a greater intensity of hardening, a fairly gradual falling off from the maximum
surface hardness merging to the minimum hardness of the core, and a smaller depth of hardening.
These features are illustrated in the graph, Fig. 7, showing the variation of hardness at various
points with the distance from the surface.
It will be appreciated that these hardness values can only be correctly measured by using a diamond
tool, and the figures quoted are in terms of diamond hardness numbers as employed by the Firth
Hardometer or the Vickers’ testing machine. As with carbon casehardening, the depth of penetration
of the hardening effect varies with the time for which the operation is maintained. The curves
illustrated represent usual standard conditions. These hardness figures are obtained by removing the
successive thin layers from the surface by taper grinding, carrying out the hardness test with a
diamond pyramid tool with a 10 kgm. load. Any greater load than this would not give a
representative value, since deformation would occur in a softer material below that of the surface
which it is intended to measure.
Effect of Variation in Conditions of Nitriding.
It is usual to employ commercially pure ammonia operating at a temperature of 500°C., the period
of nitriding being up to 90 hours. The purity of the ammonia, the temperature of the operation, the
time and the pressure of the gas surrounding the articles to be treated, are all variables which might
be expected to affect the result. As regards the purity of the gas, we have in our laboratories
experimented by including various additions to the ammonia. We have determined the influence of
20 per cent. of nitrogen, 20 per cent. and 40 per cent. of hydrogen, 20 per cent. of coal gas, 20 per
cent. of carbon monoxide, and it was found that these various additions were not of much
consequence. There was a tendency with excess hydrogen to reduce slightly the surface hardness.
The effect of carbon monoxide was also slightly deleterious, causing variable results. Increasing the
temperature in nitriding tends to reduce the intensity of the surface hardness but gives some
increased depth of penetration. In connection with the effect of increased pressure in the ammonia
atmosphere, some interesting work has been carried out by Mr. R. H. Hobrock, of Indiana, U.S.A.,
and reported to the American Society for Steel Treating. The test included trials at pressures slightly
above atmospheric, at 4.2 lbs. per square inch, 7.8 lbs. per square inch, and at 11.7 Ibs. per square
inch above atmospheric pressure. It was found that the nitriding process was accelerated by high
pressure. The depth of hardening was somewhat increased, and the hardness gradient from the
surface inwards was decreased. The depth of hardening was increased to nearly 1 mm. Figure 8
shows the relation between time of treatment and scleroscope hardness number of the surface
obtained from these various tests, and Figure 9 shows the hardness depth curves.

Expansion of Case.
It has already been mentioned that during the process of nitriding, a slight growth or expansion of
the sample takes place. This expansion arises as a result of the changes in the nature of the surface
material by nitriding. The amount of this expansion is therefore a function of the case depth and
time of treatment. Experience over a period shows that the amount of this growth under the standard
nitriding conditions does not differ appreciably from half a thousandth of an inch per side, or
1/1000” on diameter. Experimental work under varying conditions has been carried out by Hobrock.
His work shows that the case proper increases the thickness by a fraction of itself of the order of 4
to 2½ per cent. decreasing as the time of treatment increases. Thus, for a case of ½mm. depth, 2½
per cent. of this would be equivalent to an increase in thickness of the surface layer equal to
about .00048”.
Influence of Working Temperature.
The question will naturally arise as to the degree of stability of the hardened surface produced by
treatment in ammonia at a temperature of 500°C. when the material is subsequently reheated in the

absence of an ammonia atmosphere. The accompanying graph, Fig. 10, indicates the results of
hardness tests carried out in our laboratories after various re-heatings subsequent to nitriding.
It will be seen that re-heating to any temperature below 500°C. produces no measurable reduction
of hardness. When the re-heating temperature is carried beyond this, then the condition of the
surface does become somewhat affected, but even up to a temperature of 800°C., the effect of one
hour’s re-heating, followed by cooling to ordinary temperatures, still leaves the surface with a
hardness of over 600 diamond hardness number.

The above comments refer to the conditions obtaining at ordinary temperatures after exposure to the
temperatures indicated.
If, however, the tests are made while the sample is still at the elevated temperatures, some
differences are found at temperatures a little in excess of 150°C. The result of hardness tests at
varying temperatures is indicated in Fig. 11. For comparison, on the same graph, are also shown
corresponding hardness values on a fully hardened 1.2 per cent. carbon steel, and it will be noted
that whereas the hardness at a temperature of 400°C. in the case of Nitralloy, has a value of over
900 diamond, the carbon steel has a value of only a little over 400. It will be appreciated that these
changes are only of a temporary nature below 500°C. in the case of Nitralloy, whilst in the case of
the carbon steel, very definite permanent changes have been brought about at such temperatures by
the tempering action.

Microstructures.
The material before nitriding, which becomes the core of the finally treated article, has a
microstructure much as would be expected from an alloy steel of straight chromium carbon
composition. If the carbon is low, we get, in the normalised condition, areas of pearlite and
modified ferrite, as illustrated in Fig. 12, at 200 magnifications.

If the higher carbon quality were used, this naturally increases the relative proportion of pearlite to
ferrite, as with an ordinary carbon steel. Fig. 13 illustrates the result of hardening and tempering the
low carbon quality of Nitralloy. The pearlitic areas have formed solid solution. These have extended
somewhat into the ferrite, and after quenching and tempering, we obtained areas of resolved solid
solution along with remnants of unchanged ferrite. With the higher carbon quality, the hardened and
tempered structure obtained is of a fairly uniform sorbitic nature without any remnant of free ferrite.
This is illustrated in Fig. 14. Figs. 15 and 16 illustrate the microstructure of the nitride hardened
skin on 0.20 per cent. carbon and 0.42 per cent. carbon qualities respectively, at low magnifications.
It will be seen that the main pattern of the structure of the core material is unaffected by the
nitriding, but the nitrided portion now etches up dark. With regard to these microstructures, they are
very intelligible and very helpful-in controlling the process, but it cannot be said, at the moment,
that we fully appreciate the nature of the constituents. Whilst we believe that nitrides are formed,
and thus account for the hardness, it is difficult at the moment to visualise exactly how this is
brought about. It has been suggested by Hobrock that a network of nitrided iron crystals is formed,
and that there is also slip interference from aluminium nitrides and other nitrides, but the author is
afraid that this must be looked upon as rather an empirical statement which does not adequately deal
with the position.

Heating and Cooling Curves.
The differential heating and cooling curves (Fig. 17) indicate the temperature at which
constitutional changes take place in the material with changes of temperature. In the case of L.K.1,
containing 0.51 per cent. carbon, there are two main absorptions of heat, on heating: one at about
750°C., and one at about 800°C. The former corresponds to the solution of carbides in the ferrite,
and the latter to the change-over of the iron to the austenitic condition. On cooling, both these
changes occur nearly together in the reverse direction over a depressed temperature range of about
510°C. to 420°C.

.

In the case of L.K.3 containing 0.39 per cent. carbon, similar changes occur on heating at
approximately the same temperatures. On cooling, there is first the change from austenite to ferrite
at about 760°C., and then follows the deposition of carbides at about 700°C. In the case of sample
L.K.5, containing 0.27 per cent. carbon, similar changes occur on heating and cooling as for sample
L.K.3, except that there are three points indicated on cooling at approximately 800, 770 and 690°C.
In the case of sample L.K.7, containing 0.21 per cent. Carbon, the changes on heating are as for the
other samples. On cooling, we again have three changes indicated similar to those for the 0.29 per
cent. carbon sample. The middle one of these probably represents the “magnetic change.”
Physical Properties.
As regards the physical properties, the following data may be found of service. The density is found
to be slightly lower than that of ordinary steel. An average figure for the specific gravity is 7.74;
sheet .012” thick when completely nitrided has a S.G, 7.009.
An average figure for the electrical resistivity for the 0.30 per cent. carbon quality is 37 microhms
per centimetre cube. The rate of expansion is also very similar to that of a straight carbon steel,
being slightly higher, as indicated by the following figures: -

This is given in graph form in Figure 18.

We have had occasion to determine, independently, the rate of expansion of the nitrided surface as
distinct from that of the main body of an article, as represented by the un-nitrided condition. It has
been found that the rate of expansion of the skin is slightly lower than that of the core, the
difference over the range between ordinary temperatures and 200°C. being of the order of 12 to 14
per cent. (see Fig. 19.)
The form of magnetic permeability curve, as determined on a 0.30 per cent. carbon quality is very
similar to that of 0.4 to 0.5 per cent. carbon steel. Fig. 20 represents the form of this curve in the
standard hardened and tempered condition.

Corrosion Resistance.
Our tests have shown that un-nitrided Nitralloy rusts readily in running water, but that nitrided
samples can show a very good resistance, even to sea water (partially immersed).
The resistance to acid attack is small. Tests carried out in 1929 showed that the steel, before and
after nitriding, was useless for dealing with cold 0.1 per cent. hydrochloric acid or sulphuric acid.
Even in 0.1 per cent. nitric acid, the loss in 24 hours was of the order of 0.001 gm/cm 2. Nitriding
tended to lower the resistance. The attack in 0.01 per cent. solutions of these acids was very small,
and it is possible that for such very dilute solutions, the steel might have a satisfactory life.
Addition of 0.5 per cent. copper sulphate to 0.5 per cent. sulphuric acid, or of 0.5 per cent. ferric
sulphate failed to prevent attack in the cold. 24 per cent. ferric sulphate increased the attack very
definitely, and the 0.5 per cent. additions also caused some increase.
A test for seven days in damp sulphur dioxide, carried out by a well-known oil company, showed
the material to be unsuitable for exposure to such conditions.
In a 5% solution of caustic soda there was only a very small attack on the nitrided steel, even at
boiling point. At 80oC, the attack in 25% and 50% solutions was not very great, but in a 50%
solution at boiling point, the attach was0.0015gm/cm2 in 24 hours, which is large for a steel where
the surface layer must be preserved.
The oil company referred to above has found the behaviour of the nitrided material to be very
satisfactory in the vapour and condensed liquid over various boiling oil distillates and have
concluded that it will be satisfactory for dealing with light petroleum spirit. Some tests we carried
out in three samples of crude oil at 20o and 80oC also showed the material to have a good resistance
to these conditions.
Advantages of the Process.
It will be seen that the utilisation of this process is advantageous from several points of view.
(1) There is no overheating of the core to obtain the hard surface casing.
(2) No subsequent heat-treatment is necessary after the nitriding process.
(3) There is very little distortion indeed.
(4) The necessity for costly straightening operations is ruled out.
It is quite clear that the utilisation will result, as regards many parts, in reduced wear and longer life.
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Presidential Address
QUENCHING
George Parkin. A.Met., F.R.I.C., F.I.M.
When a B.M.S. President comes to write his expected address, he can derive little encouragement
from thumbing through past issues of the Journal. Preceding address are of such brilliance,
profundity, or interest that any address seems doomed to insignificance. The writer is very
conscious of the many shortcomings of what follows, but would point out that it differs appreciably
from the hypnotic address which produced a state of peaceful somnambulism amongst a very
friendly audience on the evening of the 15th of October, 1953.
Quenching
Quenching may be defined as the immersion of a hot body into some substance at a lower
temperature and is primarily applied to develop desired properties in the quenched materials. Many
metals and alloys are quenched at some stage of processing and the quenching media may be gases,
solutions, oils, semi-solids, molten salts or metals.
In the early days of its application, the divergent and often mysterious results obtained from
quenching fostered a shroud of secrecy, largely born of ignorance. It is true that variations in the
metal quenched, in particular iron and steel, were a prime source of the alternate delight and dismay
which many of the pioneer hardeners experienced, but it is only during comparatively recent years
that fundamental work on quenching has removed the practice from the category of black art. Even
so, the skill of an expert hardener can still be turned to good advantage.
History discloses many interesting recipes for quenching media. It was claimed, for example, that
water in which grass, roots, etc., had been steeped, was a milder quench than the blood of a Nubian
slave. Condemned criminals and slaves, dead or alive, were favoured solid quenches for swords,
and there are numerous concoctions based on the peculiar attributes of goats and red-headed boys. It
is believed on record that tanks of Sheffield water were shipped to America in the belief that such
water possessed unusual quenching properties.
Steels constitute the main field of application of quenching and much early work was devoted to its
effect on the properties of treated steels. Hardness, microstructure, magnetic properties, etc., were
assessed and correlated with cooling curves obtained by direct experiment. Benedicks and
Rosenhain were early workers on these lines. The classic research on quenching, in the the writer’s
opinion, was that conducted by H. J. French, who examined the effects of a number of factors and
obtained a host of cooling curves from quenched specimens. His results, which are of great practical
significance, will still bear the closest scrutiny. More recently, Pilling and Lynch observed the
variation in cooling rates at the centre of a ¼in. diameter cylinder of 5%, silicon-nickel alloy, which
was quenched into various still liquids. The centre temperature of such a specimen is truly
representative of the surface temperature except at very high cooling rates. The curves obtained by
Pilling and Lynch could be readily analysed and were neatly substantiated photographically by
Zavarine. He used specimens 2in. long by 5/8in. diameter, supported ¼in diameter rods, which were
heated in a furnace directly above a glass-walled tank, which was filled in turn with water, brine and
a near-transparent oil. Dropping the hot specimen automatically provided instantaneous
illumination during quenching by firing a high intensity spark discharged between magnesium
electrodes. The extremely brilliant flash, with a duration of about a millionth of a second, permitted
excellent photography on ordinary fine

Many other workers, notably Stanfield and Russell in this country, have helped to contribute to a
clearer understanding of quenching and its effects.
The Mechanism of Quenching.
If one examines a typical cooling curve as obtained by Pilling and Lynch, it will be seen to
comprise essentially three stages of cooling. An analysis is facilitated by considering what happens
when a hot metal specimen is immersed in cold water. At first there is an apparent quiescent period
which may last for up to a second; then natural heat flow causes boiling of the water at the surface
of the quenched specimen. The steam film generated can be readily demonstrated by the reverse
procedure of throwing water on to a hot plate. The water adopts the familiar spheroidal state,
breaking up into drops which ride about merrily on the plate until they shrink and disappear. Each
drop, during its existence as such, is riding on a cushion of steam which has a relatively low thermal
conductivity, and as heat transference is by conduction only, across the vapour-liquid interface, the
drop has a seemingly long life, relative to the temperature difference which may exist between the
water and the hot plate.
During water quenching, a steam blanket is formed on the immersed object, and its existence
determines the first, or vapour film stage of cooling. As it is generally desirable to initiate rapid
cooling early, particularly in the hardening of steel. The longer vapour film is maintained, the lower
will be the quenching efficiency- The life of the film generated in a liquid quench depends upon
several factors, as follows:
1. The Boiling Point of the Liquid. The lower the boiling point of the medium, the longer the
vapour blanket will be maintained, and similarly the higher the boiling point the shorter the
lie of the film. For example, alcohol, with a boiling point of 78 oC has a long vapour blanket
stage and gives relatively slow cooling, whereas concentrated sulphuric acid with a boiling
point of 338oC has a negligible vapour film stage and would, in fact, be a very good
quenching medium were it not for its highly corrosive nature.
2. The Specific and Latent Heats of the Medium. The exact quantitative effect of these
properties is not known, but the higher the values the shorter will be the duration of the
vapour film.
3. Temperatures of the Quenched Body and the Quenching Medium. The higher these
temperatures the longer will the film be maintained. This is of practical significance in
connection with the ratio of the amount of metal quenched to the amount of quenching
medium available. If the ratio is too high overheating of the liquid may occur,
4. Relative Motion of the Medium and the Quenched Body. This is concerned with the
possible sweeping away of the vapour film by agitation at the surface of the metal. The
essential result is that the vapour is removed as it is formed and this may be achieved by
several methods, such as:
(a) Actual motion of the body through the medium or off the medium past the quenched
article.
(b) Certain properties of the medium, associated with its composition, may induce high
activity at the surface of the quenched body. A typical example is brine, which will be
considered later.
(c) A surface dressing on the quenched body can cause increased turbulence at the surface
during quenching. Various clay pastes and like mixtures have been devised to this end.
5. Physical Properties of the Quenching Medium. These can affect the stability and duration
of the vapour film. For example, light or low boiling point fractions in oils will produce
associated vapour films, until they are completely evaporated. The actual oil will change in
properties as this evaporation proceeds.

Aqueous Soap solutions are interesting in that very small concentrations of soap appear to
stabilise the vapour film and may greatly increase the time of the first stage of cooling. The
simple action of a man washing his hands in a water tank may markedly effect the efficiency
of the quench.
6. The Form of the Quenched Body. An article containing crevices, depressions, etc., may be
subject to local trapping of vapour bubbles, and even simple shapes may be liable to this
effect if quenched without relative motion to the medium, The continued presence of vapour
implies slow cooling which can give rise to soft spots on quenched steels of low
hardenability,
Returning to the typical cooling curve, the duration of the vapour film can be taken as the time from
the start of the quench until the cooling rate at the centre of the specimen increases abruptly with
entry into the second stage of cooling. When quenching ordinary steels from nominal hardening
temperatures this stage of cooling is indicated by the cooling rates at about 550°C. The surface of
the body has reached a temperature where radiation and conduction of heat from the steel are
insufficient to maintain a vapour blanket. The metal is periodically wetted by the liquid and cooling
occurs by vapour transportation, the vapour being carried away by convection currents to cooler
regions in the liquid, where it condenses. Heat removal from the body is very fast during this
period, owing to the temperature instability at the surface. As in the first stage of cooling, surface
conditions are important, and the presence and nature of any scale on the body, or substances like
salt in an aqueous medium can have a pronounced influence. Water, brine and sulphuric acid are
about equal in efficiency during the second stage of cooling. Oils are less efficient and differ
amongst themselves, whilst aqueous solutions of compounds, such as glycerine, glycol and sodium
silicate are of even lower efficiency. The relatively high second stage activity of water may be
largely due to the high latent heat of vapourisation, but other properties, such as the low viscosity
and low thermal conductivity will have some effect.
Rapid cooling in the second stage soon leads into the period of third stage cooling. Here, the
temperature of the surface of the body is below that of the boiling point of the liquid, and
vapourisation ceases and cooling by convection begins. In quenching steel, slow cooling during this
stage, which is generally below 400oC., is desirable, as it minimises the development of
transformation stresses which area prime cause of quenching cracks. During the austenite –
martensite transformation, which occurs during the third stage of cooling, a steel may be very
susceptible to temperature differentials and sudden, if only small temperature changes, and it is
often important, particularly when a complex form of article is involved, to obtain slow and uniform
cooling during this final stage. Martempering is designed to this end.
Various properties of the quenching medium, such as thermal conductivity, viscosity and
temperature are important during the third stage of cooling, in which oils are obviously superior to
water. With large masses of metal, the thermal conductivity of the metal becomes effective.
From the above brief consideration of the mechanism of quenching, it will be apparent that an ideal
cooling curve, at least as far as steel hardening is concerned, should consist of a short first stage, a
rapid and short second stage and relatively long third stage of cooling.
Zavarine’s photographs of steels quenched in various media indicated that water and oils behaved
similarly in vapour film formation, and that the envelopes generated are fin continuous motion. The
water film appears to be thinner and faster moving than a typical oil film, probably due to
condensation and the lower viscosity of the water.
With aqueous solutions of caustic soda and salt there is intense agitation at the surface of the
quenched body and the steam film is removed almost immediately it is formed. The boiling of the

solutions results in deposition of crystals of caustic soda or salt, which appear to be violently
ejected from the hot metal surface. This activity destroys the steam film and facilitates replacement
by fresh solution at the quenched body surface.
The concentration of the solution is significant in that if it is too high there will be a tendency to
generate a relatively dense cloud of crystals, which can itself have a blanketing effect. Thus a 5 to
10% brine has an appreciably higher quenching rate than water, but a concentrated salt solution has
a lower rate than water.
Factors Affecting Cooling Rates on Quenching.
The shape of an article, which fixes the surface area per unit volume, may largely determine the rate
at which any point within hat article will cool during quenching.
Accepting spheres, cylinders and plates as essential shapes and taking cooling curves at the centres
of such shapes during quenching, we find that the centre cooling rate taken round about 720 oC., is
inversely proportional to some power of the diameter or thickness, this power being greater than
one and less than two. The value of the power varies with the coolant, being close to one for air,
approaching two in motionless 3% caustic soda and increasing generally with the speed of cooling.
For a given size the highest cooling velocity is obtained in spheres, intermediate rates in cylinders,
and lowest rates in plates. For equal cooling velocity the ratio of diameters of spheres to diameters
of rounds and thickness of plates is as 4 is to 3 is to 2 provided that the length of the cylinder is at
least 4 times its diameter and the length and width of the plate at least 4 times its thickness. In effect
this means that a 1in. diameter sphere, a 3/4in. diameter x 3in. long cylinder and ½in, x 2in. x 2in.
plate would have equal centre cooling rates. It is, of course, important not to confuse size with
shape when considering cooling rates
A further factor affecting quenching efficiency is concerned with the surface condition of the
quenched metal. Even with a perfectly clean bright surface, some slight chemical reaction during
quenching may produce discolouration but without materially affecting the quench. More important
factors are possible oxidation or scaling of the surface, adherence of any scale formed and any
surface pitting or roughness in surface condition which may tend to promote adherence of gas or
vapour bubbles during the quench and thus tend to reduce the cooling rate. Oxide or scale will only
retard cooling when it adheres to the metal, and a heavy but loose scale which is readily ejected
during quenching generally has little effect on the surface cooling rate, Oxide films are invariably of
lower thermal conductivity than the parent metals and may also tend to stabilise the vapour film
formed on quenching. The severity of the quench influences the ejection of scale, brine being most
active, followed by water and then oils, which are of relatively low activity. Articles water quenched
from molten salt baths should be quite clean, with an appearance similar to specimens heated in air
and quenched in brine.
A further important factor in quenching efficiency concerns the relative motion of the quenched
metal and the quenching medium. The flow of liquid round the body, during as well as subsequently
to the immersion, needs to be considered, especially with small specimens, where the surface may
cool down to 150oC., or less whilst they are being introduced into the bath.
Many hardened steel products are hand quenched and there appears to be a wide variation in the
hand quenching speeds of various people. Numerous tests made by Haler showed that in hand
quenching the average velocity of specimens varied from about 3½ to 6ft a second for a 20in. travel.
With hand quenching there is also a deceleration from start to finish, whereas the reverse obtains in
gravity quenching.

If a cylinder is quenched vertically into a liquid moving horizontally at any given speed it will be
apparent that the front face of the cylinder will receive an accelerated quench whereas the back face
will cool at a lower rate due to the possible formation of a vapour pocket within the induced eddy
currents. In practice these variations in cooling rates over the surface of a quenched body are prime
causes of distortion, soft spots and cracking in the hardening of steel. Lack of uniform cooling is
probably more responsible than rapid cooling for cracking during hardening, and the important
factor about relative motion is that the flow of the medium should be regulated over the entire
surface of the quenched body. In this respect, the hand quenching of simple articles with a Figure
“8” or “S” movement is often advantageous.
The effects of coolant motion are used in special appliances designed to obtain uniform and rapid
cooling of particular shapes. Extremely high cooling rates can be obtained by water under pressure
in spray or jet form, and oil can be forced past hot steel to provide a quench equal to that of still
water. The well-known gear quenching presses provide a typical appliance.
Quenching Media.
The properties of the quenching medium will affect the cooling efficiency under given conditions.
With water and, aqueous solutions generally, the physical properties are more significant
but with oils, both the chemical and physical Properties are concerned.
An important property of any medium is the temperature cooling rate effect. If the temperature of
water is increased, the cooling time in quenching also increases, although the effect between 20 and
60°C. is not so marked as between 60 99oC. Caustic soda and salt solutions have a less marked
temperature effect which helps to maintain rapid cooling even with warm solutions. With oils
generally there is a reverse effect and an increase in temperature produces a decrease in the total
cooling times. There is, of course, a maximum temperature at which any oil should be used, and
which should not be exceeded.
The solubility of gas in a liquid medium may also affect quenching efficiency although French
showed that the at affect in tap water and oxygenated water had a negligible effect on the cooling
rates of quenched steel specimens. If, however, water is saturated with carbon dioxide, for which it
has a high solubility, the steady evolution of the gas round a quenched body persists down to quite
low temperatures and the cooling rate can be markedly reduced. Caustic soda and brine solutions
have greatly reduced solubilities for gas, but this feature is considered to be less significant during
quenching than the induced surface activity mentioned earlier.
It is perhaps relevant to mention a test method suggested by Trembour and Scott for the evaluation
of aqueous quenching media for steel hardening. They noted the tendency of aqueous media for
allowing the random formation of soft spots, particularly on the surface of shallow hardening steels.
and to study the relevant merits of different media they developed a test method based on the
measurement of the area of soft spots. the formation of which is, of course, favoured by raising the
bath temperature The measure of the quenching efficiency of a particular solution was taken as the
bath temperature at which a certain small proportion of soft spots occurred with a standard
specimen and procedure. The conclusions of Trembour and Scott may be summarised as follows:
1. Dissolved atmospheric gases in tap water have an inconsequential effect on the
occurrence of soft spots.
2. Moderate additions of common salt to water reduce materially the incidence of soft spots
and reduce slightly the depth hardening effect.
3. There is a well-defined optimum concentration of salt at 9% by weight.

4. Caustic soda acts similarly to salt except that the optimum concentration is about
3% by weight and is rather less critical.
5. Saturated solutions of salt and caustic soda are decidedly harmful as are solutions of
Borax or Sodium Chloride at about 4% concentration.
A variety of solutions and mixtures have been proposed and tried as quenching media, with
particular respect to the hardening of steels, but few have found commercial application. This is
most probably due to the lack of realisation that the form of the cooling curve, i.e., the variation of
cooling rate with temperature is the important factor. The fact that two media may cool the same
metal body through the same temperature range in the same time, is no criterion that they possess
the same quenching efficiency. An analysis of their respective cooling rates during the three stages
of quenching is a better basis for comparison.
Aqueous solutions of glycerine, ethylene glycol, waterglass, pectins and other compounds, together
with water-oil emulsions have been tried repeatedly, and particularly to achieve cooling rates
between those of water and oils, but they have found no widespread use.
Water is still the predominant quenching medium, being cheap, readily available, easily handleable
and safe. It has high second and third stage cooling rates which can often be tolerated but its
quenching efficiency is markedly affected by its temperature. Water is an active scale remover, but
without adequate circulation may be prone to give rise to soft spots.
Caustic soda solutions of about 3% concentrations have high second and third stage cooling rates
and are active scale removers. They provide an appreciably faster quench than water, reduce the
tendency for soft spot formation, have a low temperature effect and and do not normally require
induced motion or circulation. The solutions are corrosive and will absorb carbon dioxide from the
atmosphere. which produces a gradual change in quenching power. Caustic soda solutions are more
widely used in America than in this country and are generally control tested for efficiency.
Common salt solutions are popular fast quenching media, but it is important to control the
concentration between 5 and 9% by weight. This is readily effected by specific gravity
measurements which should, of course, be taken in conjunction with the temperature. Brines give
high second and third stage cooling rates. have a low temperature effect and make up for
deficiencies in circulation. Salt solutions are corrosive but not dangerous are very effective for the
quenching of small, relatively simple masses. It is worth noting that the removal of quenched metal
from a brine bath involves removal of the full-strength solution, but if the bath is run warm, with
continuous evaporation, then the solution will increase in strength.
Sulphuric acid is too dangerous and corrosive for use as a quenching medium. but possesses
interesting cooling properties. Still, concentrated acid at 20°C, provides overall cooling rates
intermediate between water and oils, but with slow third stage cooling.
Calcium chloride brines act similarly to common salt solutions but are more expensive. Sodium
carbonate solutions are less efficient than brines.
The use of oils as quenching media has been established for many years, and in the past a good deal
of mixing, rather than blending, of different types of oil has been practised without knowledge of
the effects on quenching efficiency. The real test for a quenching oil is to use it and ascertain its
useful life and this involves consideration of a number of properties, which collectively determine
its life.

Mineral. marine. animal and vegetable oils, in separate blended forms are used for quenching and
whilst certain types of oils are conventionally associated with particular operations, e.g., whale oil
for saw hardening, many proprietary quenching oils are compounded from a prepared mineral oil
with a small addition fatty oil.
The stability of mineral quenching oil is largely connected with its volatility and resistance to
oxidation. sludging and a tendency to decompose. Other properties are obviously significant, such
as flashpoint. viscosity. specific heat and thermal conductivity.
The flashpoint is really a measure of the vapour pressure of an oil, under definite conditions. For
quenching purposes, it is desirable that the flashpoint should he sufficiently high to avert the
possibility of oil fires, and a low flashpoint is usually indicative of the presence of light fractions or
a high volatility oil, The flashpoint is not. however, the sole criterion of the suitability of an oil for
quenching. A high volatility is undesirable as the volatile fractions may produce a blanketing effect
during cooling and the continuous evaporation will cause a progressive change in the quenching
efficiency of the oil.
The viscosity of a quenching oil, which should not be confused with the specific gravity, is
important for several reasons. Firstly. the quenching of hot metal produces convection currents and
the speed of these currents. or the rapidity of replacement of hot by cold oil generally determined by
the viscosity. A low viscosity oil also assists in the removal any gas liberated on the immersion of
the hot metal, Low Viscosity, however, is often associated with high volatility, which is undesirable.
The “carry-over” or “drip” losses on quenched work are lower with low viscosity oil, and if the oil
is circulated, the heat exchange through water cooled tubes, for example, is somewhat accelerated
with a lighter bodied oil.
The viscosity temperature relationship of quenching oil is important, as a warm and consequently
low viscosity oil will provide more rapid first and second stage cooling but slower third stage
cooling. In practice, a compromise can be maintained between viscosity and temperature and good
quenching oils will operate quite satisfactorily over a range of 80oC to 100oC.
The cooling rates of oils, together with other properties such as surface tension, etc., can be
modified by suitable blending or compounding.
The prime chemical property of quenching oil concerns its resistance to oxidation, which is affected
by time, temperature and the surface area exposed to oxidation. In laboratory test these factors are
usually intensified for assessment of an oil. Further tests, to measure the tendency to form sludge
and the coking propensity of oils, have also been applied and in addition the saponification and acid
values may be determined. During recent years the recognition and achievement of desirable proper
ties in quenching oils has resulted in improved proprietary grades
which are replacing whale and similar types of oil in many large-scale applications. It might be
added that where metal parts are quenched directly from cyanide or similar salt baths the oil should
be quite free from any saponifiable constituent
Variations in Quenching Practice.
Various methods have been adopted to obtain desired quenching characteristics, based on
consideration of the ideal cooling curve. For example, double quenching is practised, whereby the
metal is quenched in water for a specified time and then dropped into oil; similar baths have been
used in which water is floated on a volume of oil which is heavier than water and which is free from
any saponifiable matter so that after quenching the two liquids immediately separate. Interesting
results using this form of quench were obtained by Kimbara

Time quenching is also practised in various alternative ways. The article may be immersed in a
medium for a fixed time then withdrawn and allowed to air cool; alternatively, it may be requenched after a fixed time in air, into the same or a different medium,
Use in also made of the depression of the austenite transformation temperature in steel hardening, in
interrupted quenching. The article is immersed for a predetermined time, removed whilst still warm
and straightened of formed mechanically before final cooling, Ploughshares, mouldboards and files
are so treated.
Space does not permit discussion of these methods in detail or consideration of austempering and
martempering practices. Whilst orthodox quenching methods are likely to remain established for
some time to come, there is little doubt that the extensive work now proceeding on the mechanism
of steel heat treatment procedures and their effects, will result in modified quenching practices.
The writer is very conscious of the sketchy nature of this brief paper and would apologise for the
lack of illustrations and references. A wealth of detail is available which cannot be included due to
lack of time, but if any reader is sufficiently interested to ask for further information the writer will
be glad to reply.

PLATING.
E.J. Dobbs
W. Canning & Co.
(Paper by Mr. E. J. Dobbs read before the Co-ordinated Societies on the 11th of December 1930, in
the Chamber of Commerce, by Mr. W. E. Merry. About 60 persons were present, and Mr. T. G.
Bamford, M.Sc., was in the Chair.)
Mr. Bamford. The good attendance to-night speaks for the interest shown in the subject of
‘‘Plating.” I am sorry that Mr. Dobbs, who was advertised to address the Meeting, is detained in
London on matters of urgency connected with electroplating, but we are fortunate in having Mr. W.
E. Merry, Chief Assistant Chemist and Technician to Messrs. Canning, to take his place. I can speak
about Mr. Merry with confidence, because he has visited the College at Wednesbury on occasion
and has helped. us there out of certain difficulties, one of these being the imparting of knowledge to
students, which is just as difficult and just as important as tackling the problem of faulty plating.
Mr. Merry.
It may be accepted that Electro-Plating on really commercial lines commenced with the
introduction of the magneto electric machine. This was foreshadowed by Faraday in his
experiments on induced currents in 1831, but the method of depositing by means of a continuous
current of electricity obtained by the use of steel magnets was patented by Woolrich in 1842, and
the first machine made by him was worked for many years by Messrs. Prime & Son, of
Birmingham, and is now in Aston Hall. (Since 2000 it is in the Think Tank)
Prior to this date, Ohm in 1827 had enunciated his law that the strength of a continuous current is
directly proportional to a difference of potential or electro-motive force applied to the circuit and
inversely proportional to the resistance of the circuit, and this finding holds good in its entirety to
the present day.
Faraday in 1833 demonstrated the relation between the amount or volume of current and the weight
of any metal deposited by it was proportional to the chemical equivalent of the metal.
This law of Faraday is still the basis upon which all calculations are made at the present time.
For electro-deposition of metals on a commercial scale it is necessary to have:
(1) Source of continuous direct current of low voltage.
(2) Suitable means of controlling the amount of current passing through the electrolyte.
(3) Suitable containers for the solution, governed entirely by the chemical nature of it, fitted
with rods, connections for carrying the current.
(4) Suitable solution of a salt of the metal to be deposited.
(5) Anodes or positive electrodes, generally of the same metal as is to be deposited.
Source of Current.
The source of current for electroplating is generally provided by a dynamo. This is an induction
machine whereby an iron cylinder wound with a number of insulated copper wires is caused to
rotate in a magnetic field, with the production of an induced current. The magnetic field is made up
of one or more pairs of poles or field magnets wound with insulated copper wire for the production

of strong magnetic fields. These are known as field windings, and the current passing through them
can be either a portion of the current generated by the dynamo itself, in which case the machine is
said to be shunt wound, or current can be furnished from another dynamo or electric supply, so long
as it is direct current. Where the current is furnished by a separate supply, the machine is said to be
separately excited.
The iron cylinder, which is made up of thin, soft iron slotted discs, insulated from each other, and
fitted with windings, is known as the armature. The rotation of this armature in the magnetic field
causes the induction of an alternating current, and as this is useless for the purpose of electrodeposition, the current is caused to become unidirectional by the aid of the commutator. This is built
up of insulated copper segments, with as many segments as the armature has coils, the ends of every
pair of coils being connected to each segment. Making contact with these segments are brushes,
either of copper gauze, or, as in the modern type, copper carbon brushes, which take off the current
from the commutator, and convey it to the main terminals of the dynamo. The brushes are mounted.
on a rocker arm, which allows for slight changes in the position of the brushes on the commutator.
The dynamo may be driven by any available means, such as belts, etc., from any running shafting,
but as the dynamo should run at constant speed without variation, it is the usual practice to-day to
couple direct to a suitable motor, on a cast iron or girder bedplate, and so make a self-contained unit
which is free from any outside influences which may vary the speed. Such a unit is termed a motor
generator.
Regulation of Current.
There are two methods of externally regulating the current passing through a plating vat, firstly, by
the regulation of the current passing through the field coils, secondly, by the control of the amount
of current taken off the main leads. In both cases the effect is obtained by the introduction of a
resistance in the circuit.
This resistance to the passage of the current is the property of all metals and is developed to a much
greater extent by some than others, the effect of the resistance afforded being the production of heat.
The amount of resistance of any metal is proportional to its length, and inversely proportional to its
cross-sectional area, so that the thinner and longer wires exert the greater resistance.
In the case of a resistance in the circuit of the field coils, as the amount of current passing is small,
then wires of very high resistance are necessary; in the second case the current passing through the
vat may be quite large, when the resistance wires must be large. A resistance board may be likened
to a range of graduated conductors, in the case of series resistances the increased conductance being
obtained by the shortening of the resistance wire, which is furnished with contact studs suitably
placed in its length, in the case of parallel resistances by the increase of the cross sectional area, by
the introduction of another conductor in parallel.
Vats, Connections, etc.
The choice of material for vats holding the plating solutions is governed entirely by the chemical
nature of the solutions. If the solutions are of an acid character, then wood vats, lined inside with
chemically pure lead with burnt joints, are generally used, excepting in such cases where the acid of
the solution has an affinity for the lead; but alkaline baths are generally contained in vats made of
plain iron, with welded joints. The vats are usually fitted with a wooden frame upon which are fixed
porcelain insulators for holding the rods carrying the current, and where more than two rods are
employed on a vat, the rods of like polarity are usually coupled together by means of connectors
and rods so that they behave as one in the circuit. The rods holding the articles to be plated are

termed the cathode rods and are connected by suitable leads to the negative pole of the dynamo,
whilst the anode rods are connected to the positive pole of the machine. The vat Hie or rheostat is
generally put in the circuit of the negative lead.
From the anode rods are suspended sheets of metal termed anodes, usually of the metal to be
deposited, suspension being carried out by means of suitable hooks, which are either not attacked
by the solution, or if attacked, will not spoil it.
The plating solution is generally an aqueous solution of salt or salts of the metal to be deposited,
and its composition is governed by several factors. The solution, being a reservoir of the metal to be
plated, should be heavy in metal content, and good conductance is also necessary to reduce the
power required in the process. The solution should be stable and not readily affected by air or
oxidation, besides which it should produce regular and uniform deposits when working under
similar conditions. It should throw well and maintain the metal content from off the anode without
the need of continual replenishment.
All these properties cannot be found in any solution made from a single salt of the metal alone, so
that the usual practice is a solution containing a salt of the metal such as the chloride, sulphate,
fluoride, in fairly high concentration, with other metallic salts in solution to increase conductivity,
anode corrosion, throwing power, etc. The amount of the other mineral salts may in cases be quite
small, but each has a definite purpose to serve, and should be maintained in the solution to the same
degree of concentration. Occasionally organic bodies are added to the solution to affect the grain
size of the deposit, and tend to the production of a brighter, closer-grained plate, but the addition of
these bodies must be made with extreme caution to obtain the best results and are rather unsafe in
unskilled hands.
Besides the use of conducting salts to the solution to allow for an increase of the current passing
through it, in many cases the conductivity of a solution may be increased by heating of the solution.
This can be accomplished in several ways; by the use of steam coils lying at the bottom of the vat;
by the direct gas heating of the vat, by the introduction of an electric heating element in the
solution. The temperatures required are not high – about 90 - 120°F. being the usual range, but the
increased conductance may in many cases amount to over 60% by the increase of temperature of the
solution.
We will now take the case of nickel plating, which is by far the largest in vogue.
Preparation of the Articles.
The polished articles, free from scale or oxide, are wired with strands of copper wire, of suitable
length and gauge according to the size of the articles and are then cleaned free from grease. If very
greasy, the articles may be cleaned in Trichlorethylene, whereby the major portion of the heavy
polishing grease or oils is removed, and only the handling grease, finger marks, etc., remain.
They are then immersed in a solution of a caustic alkali such as brown caustic potash, or better still
in a solution of a silicate and aluminate of potash and soda, having finely divided flocculent
suspensions of alumina and silica. The solution must be very hot, almost boiling, and in the course
of a few minutes the grease is either saponified to soap if of an animal or vegetable nature, or if
mineral oil, is removed in the form of an emulsion by the ‘‘flocks’’ of alumina. An improved system
of cleaning free from grease is the use of the electric current with the cleaning solution. The iron vat
holding the solution is made the anode; the work to be cleaned the cathode, and the passage of a
current through the solution results in the production of a considerable amount of hydrogen which
removes the grease from the article mechanically.

From the cleaner solution the articles go into clean, cold running water for a few seconds, then if of
brass or non-ferrous metals it goes through a dip of potassium cyanide solution 8 ozs. per gallon, to
remove any oxide or stain, swilled again, put through a dilute acid dip to neutralise the alkaline film
on the face, then into the nickel bath.
Iron articles are frequently scoured by means of a brush and powdered pumice, immediately after
cleaning, but this practice is giving way to what is known as Acid Etch, or Acid Cleaning. In this
case the work is made the anode in strong sulphuric acid contained in a thick lead-lined vat, the lead
lining being the cathode in the circuit. A pressure of 8 volts gives a current density of about 50
amperes per square foot of cathode surface, and the last trace of grease or oxide is removed in the
course of a minute, when after efficient swilling in clean water the article goes into the nickel bath.
The acid cleaning process besides dispensing with the scouring operation, which is costly in labour,
insures that the subsequent nickel deposit will not strip from the base metal.
Nickel Plating.
The nickel vat should always be “alive” when articles are hung, by means of the suspender or
copper wire, from the cathode rod, so as to prevent chemical action of the solution upon the metal
article. It is a simple matter to hang an anode on the cathode rod, adjust the rheostat until a pressure
of 2 volts is registered, then load the vat, adjusting the resistance’ from time to time, to allow for the
passage of additional current until the vat is fully loaded, when the anode can be returned from the
anode rod and the potential on the vat adjusted to that desired. If the solution is worked cold, that is,
about 60°F. a potential of 2 volts will give a current density or amperes per square foot of cathode
surface, of from 2—6 amperes whereas if the solution is worked warm, say at 95°F. then the same
voltage will give easily 6—18 amperes per square foot, with the production of a vastly better
deposit. With cold solutions there is a greater tendency for hydrogen to be co-deposited with the
metal, resulting in hard brittle deposits, whereas the deposits from a warm solution are tough and
extremely ductile. It is for this reason that warm nickel solutions are advocated, apart from the
enormous saving in time created. Modern practice favours the use of warm nickel solutions which
are also filtered and agitated continuously, whereby very high current densities can be used without
burning or pitting the articles, Pitting is usually associated with too high a permissible current
density so that water is decomposed at the same time, and the hydrogen liberated may at times. stick
to the articles in fine bubbles, and nickel is deposited around the bubble. When the bubble bursts
hemispherical hole is left in the nickel deposit and detracts considerably from the protection
afforded to the base metal against corrosion.
Pitting can be avoided by the use of the air agitation of the solution, when any bubbles of hydrogen
adhering to the article are removed mechanically by the flow of the solution against the article. As
agitation of the solution causes any particles of dust which may be in it to be suspended, and
possibly settle on the article, continuous filtration is advocated by which means the solution is
maintained in a clean condition.
In a full automatic nickel-plating plant, the articles to be nickel plated are hung on suitable
suspenders and carried automatically through all the cleaning, swill, cyanide dipping and other
necessary baths, finally travelling through the nickel bath, where over .001" thickness of nickel is
deposited, then through the various swills and finally through the drying tunnel. Such a plant will
deposit a coating .001” thick in 45 minutes, instead of the 5 or 6 hours required in the old days.

Chromium Plating.
The practice of chrome plating on commercial lines has developed considerably during the past five
years, and a brief history of modern practice is opportune.
Chromium Plating Solutions.
The majority of chromium solutions that are operated on a commercial scale to-day are made up
from chromic acid, present as the reservoir of metal, together with certain conducting salts. As the
present tendency is for bright deposits, the presence of another acid radicle is necessary. The acid
chosen is usually sulphuric acid, as this is without action on the insoluble lead anode employed. The
use of lead anodes is favourable, as it has been found that when chromium anodes are used, these
combine with chromic acid and form chromium chromate, which has a considerable effect on the
balance and conductivity of the solution, Iron anodes have been employed, but these also tend to the
formation and accumulation of chromium chromate in the solution, besides being soluble under the
effect of the anodic acid radicle.
The use of sulphuric acid in the solution is decided solely by its effect on the lead anodes. Acids
such as hydrochloric acid, nitric acid, or their salts, have pronounced effect on lead under the
influence of the current, quickly dissolving it, whereas sulphuric acid causes the formation of lead
peroxide, which does not dissolve. Other acids such as boric and phosphoric acid have been used,
but in each case only auxiliary to sulphuric acid.
The action of the sulphuric acid or salts of it in the solution is somewhat imperfectly understood.
The need of sulphate in the solution is immediately indicated by the appearance of the deposit,
which, instead of the usual brilliance of chromium, takes the form of iridescent colours, similar to
Nobili rings, on the surface of the article. The amount of sulphate necessary is also governed by the
extent to which foreign metals are present in the solution - foreign metals including chromium in
the tervalent state, and not as chromic acid. Where a considerable amount of alien metal is present
in the solution, a greater amount of sulphate is desirable if the best results are to be obtained from it,
whereas the same amount of sulphate in a solution comparatively free from dissolved metals would
be harmful, causing ‘‘burnt’’ deposits at any slight variation of current density from that usually
employed.
Other salts present in the solution have a considerable effect on the conductivity of the solution, and
consequently, upon its “throwing power.’’ Too great a prominence can be given to conductivity, for
the most highly conductive solutions are not necessarily those of the highest throwing power generally the reverse. If the throwing power is considered as the power to distribute an even cathode
current density, over the whole area of an article, it can be conceived that the more conductive a
solution is, the greater the tendency to pile up the deposit on those parts nearest the cathode.
It is for these reasons that the majority of chromium solutions operating in this country have much
greater ‘‘throwing power” than solutions in use in the United States. The tendency there is to aim
solely at conductivity, and to overcome the disabilities attendant on high conductivity, viz.: burning
on the outstanding points of a recessed article, by the use of auxiliary cathodes, or “robbers’’ as they
are termed. These “robbers’’ are usually stout wires of copper or brass, forming a halo or ring round
the article. They receive an undue share of the current and thus protect the prominences while
endeavouring to plate the bottom of the recesses. The practice in this country is on entirely different
lines. Most research has been centred upon a possible increase of “throwing power” without
auxiliary cathodes, or the use of specially shaped anodes, and the results have justified the labour of
the research. Except in very practical cases, such as extremely deep reflectors, flat anodes are used,
and the article is simply hung in the vat and plated; to see load after load of dissimilar shaped

articles going through the vat has more than once prompted the remark that “it is as easy as nickel
plating.”
Chromium plating in this country is easier to work and more automatic than in the U.S.A.
Modern Practice.
On all articles that are destined to be exposed to atmospheric conditions, a thick deposit of nickel is
absolutely necessary. The need for this is apparent if the nature of the action between brass, nickel
silver, copper and iron, and the chromium deposit is considered. Chromium may be assumed to be
in the nature of a noble metal, owing to its freedom from oxidation at a normal temperature. In
contact with brass, copper, iron, etc., a battery is set up, this battery being completed in the presence
of moist air, containing dissolved salts or gases, acting as an electrolyte. As the chromium is
unattacked, the base metal suffers. Corrosion occurs under the chromium deposit, and the products
of corrosion are manifest as brown stains exuding from the pores of the deposit. Allowing the action
to continue results in the lifting of the chromium deposit in the form of tiny shining flakes, which
can be detached by gentle rubbing. Between pure nickel and chromium, the electro-motive force is
so small as to be negligible, consequently no corrosion of the nickel occurs and the brilliancy of the
chromium deposit is untarnished.
In some cases, the chromium plated article is so protected by constant use and handling that the
deposit of nickel would appear unnecessary. The length of time in the chromium solution in such
cases is usually of much greater duration than that upon deposited nickel, so that a greater
protection is given in the first place by a thicker covering of chromium, and the constant handling
and cleaning eliminates to a considerable extent the possibility of an electrolyte remaining on the
articles. In my opinion it is far better to pin one’s faith to a relatively thick coating of nickel as a
protection to the base metal, and “a comparatively thin coating of chromium as an un-tarnishable
finish to the nickel deposit, than to a relatively thicker deposit of chromium alone. On nickel silver,
the percentage of nickel in the alloy also governs the life of the chromium deposit, the higher nickel
content giving greater expectation of lasting quality than the lower percentage.
The thickness of the coating of nickel depends entirely on the nature of the underlying base metal.
For brass, copper, nickel silver, a thickness of .0006 inches is usually sufficient, whereas for iron
and steel a thickness of .001 inches should be considered the minimum, Coatings of less thickness
than .006” are usually sufficiently porous to allow moist air to permeate through to the brass or
other base metal; the cell between this and the chromium deposit is thus completed, and in course of
time corrosion is set up and the nickel and chromium are lifted off.
It has been suggested on many occasions that the underlying nickel deposit is not at all necessary,
that nickel plating is used to conceal and minimise the defects in the working of the chromium
solution. These suggestions and assertions have never been substantiated upon test over a period of
time, and those most assertive and vehement of the needlessness of nickel under deposits have
gradually been forced to come into line by economic pressure.
A considerable amount of objection to preliminary nickel deposits has been due to the searching test
of adherence of the nickel coating shown by the chromium plating. Nickelled work which would
easily pass the severest tests as such, has stripped or blistered readily when chromium has been
deposited on it. It is the most searching test known and accounts for most of the objection to nickel
plating prior to chrome plating. The secret of non-adherence of the nickel deposit is invariably
bound up with the cleanliness of the article before nickelling, and if stripping occurs the surface of
the article is not chemically clean. It may be that grease is present, an incipient film of oxide is upon
the article, or that it enters the nickel bath with an alkaline film upon it. This film, in contact with

the nickel solution, precipitates an insoluble basic salt of nickel, and the metallic nickel is deposited
upon an insecure foundation. The remedy for this lies in the most careful scrutiny of all the cleaning
processes and the adopting of the acid cleaning process before nickel plating.
The Anodes and Vat.
It has been shown previously that iron anodes in the chromium solution, owing to their low oxygen
over-voltage, encourage the formation of chromium chromate, an accumulation of which” interferes
with the throwing power of the solution. To obviate this, lead anodes have been used, which
gradually accumulate a coating of lead peroxide on the face, and by this means oxidise any
chromium chromate formed on the face of the cathode back to chromic acid. The disadvantage
attendant on the use of lead anodes is the ready manner in which the lead peroxide is converted into
the lead chromate when the anode is not in use, necessitating either the removal of the anode from
the solution when it is not working, or the regeneration of the lead peroxide film by the use of
current. These troubles have been overcome by the use of hard lead anodes, which keep equally
clean when in or out of use, need not be removed from the solution when not working, and owing to
the absence of peroxide film requires about ½ volt less pressure at the vat terminals.
Reasoning on similar lines it has been found that considerable advantage accrues from lining the vat
itself with this hard lead. If it is accepted that the iron vat is always “alive,” it will be at once
apparent that the vat must be anodic to the work in view of the close proximity of the anodes to it,
consequently although the vat is acting as anode in a slightly lesser degree, yet the fact remains that
its influence on the solution may be harmful.
A hard lead lining obviates any possibility of the continued formation of chromium chromate in the
solution, and yet cannot cause any burning of the work from too large an anode surface, owing to
the screening action of the glass lining fitted to the latest types of vats to protect the lead from
mechanical injury.
Temperature of Solution.
The temperature at which the solution is worked has a great influence on the nature of the deposit
and the efficiency of the solution. At temperatures of 60°F. it is an extremely difficult matter to
obtain a bright deposit at all, the first sign of even brightness appearing at about 80 - 85°F. with
those parts nearest the cathode having a burnt appearance. Temperatures from 85°F - 160°F. yield
bright deposits, in increasing brilliancy up to 100°F. when no increase in brightness can be
discerned. The use of high temperatures of solution would appear to be indicated, but, in opposition
to this is the remarkable fact that the efficiency falls in proportion to the rise of temperature, so that
at about 160°F no chromium can be deposited. The efficiency of those solutions is at its maximum
at about 50°F. with a percentage of 85%, falling to zero at about 160°F. It will be seen that the ideal
temperature is one at which the brightness is at its maximum with highest possible efficiency, and at
a temperature of 98 - 100°F. both conditions are fulfilled. No good purpose is achieved by departing
from these limits, neither for brightness of deposit, nor in throwing power of the solution.
Current Density.
The efficiency of the solution, besides being governed by the temperature employed, is also
dependent upon the current density used, A high current density favours a high efficiency, but this is
governed in turn by the appearance and nature of the deposit. Bearing in mind the nature of the
solution, and the metal ions in it being in a state of the highest oxidation, it can be appreciated that a
considerable proportion of the current is used in reducing the metal to its lowest valency
immediately before decomposition commences. This reduction causes the evolution of considerable

volumes of hydrogen, in proportion to the current density used, so that the higher the current the
greater the amount of hydrogen evolved. Part of the hydrogen escapes and causes the well-known
spray effect seen on all chromium solutions when working, part combines with the deposited metal
and forms a definite hydride with it. It has been computed by Carveth and Curry that the chromium
deposit can readily occlude or combine with 250 times its volume of hydrogen. The occlusion of
hydrogen by the chromium considerably affects the hardness of the deposit, so that a point is
reached when cracks can appear in it through the stresses set up. In a similar manner, it is quite
possible to crack an otherwise quite ductile nickel deposit by the use of excessive current density,
and I have seen cases where chromium has been deposited directly upon nickel silver, and through
using a “striking” current for a few minutes, an excessive current density has resulted in the nickel
silver developing hair line cracks. The use of high current densities is to be deprecated, and where a
high striking current is necessary it is a sign of want of throwing power in the solution.
A current density which gives the maximum efficiency combined with the least generation of
hydrogen is about 60 – 80 amperes per square foot at a temperature of 98 - 100°F. Under such
conditions an efficiency of about 14% is obtained, the deposit is brilliant without burning at the
edges, and occludes the minimum amount of hydrogen.
Preparation of Articles for Chrome Plating.
The nickelled articles, after drying out, are well “finished” or polished in the usual manner with a
soft mop and lime compositions, then fitted with suitable suspenders. The suspender should be
made for each shape of article, of adequate cross section to carry the necessary current, and be of
such shape that firm contact is made at points on the article, preferably on the inside of it, so that no
marks will show where the suspender is attached. For hollow articles, flat brass strip fitted with
spring clips which expand when pushed into position in the interior of the article is to be preferred;
cycle and motor-cycle rims can be fitted with a brass spring rod which runs round the periphery and
joins together to form the suspensory from the cathode rod. In the case of motor lamp bodies, a
three-point contact ending in a straight copper strip, allows for the plating of the body point
downwards in the vat, whilst the rims are similarly held with the glass side downwards, parallel to
the bottom of the tank. Plating radiator shells necessitates a pair of clamps ending in copper strips,
fastened to the sides of the shell, from the inside, where the tape is rivetted; these shells are usually
plated head downwards, the filler cap being corked to prevent a ‘‘blow’’ or absence of chromium
due to the current of hydrogen from the hole. In the case of spoons and forks, these can be wired 3 4 on a 24-gauge copper wire, one under the other, good contact being made with the wire and
spoon, and wire and cathode rod. In all cases the suspenders should be frequently stripped of
chromium, as the metal is a poor conductor, and a considerable amount of faulty work is
attributable to dirty suspenders.
After fitting the articles with suspenders, it is customary to go carefully over each with a soft rag
and powdered lime, to remove any thick grease or polishing composition which may be present, and
which may interfere with the brilliancy of the deposit. After cleaning thus, the articles are immersed
in the solution and contact made with the cathode rod.
If the work has been nickel-plated, a pressure of at least 2 volts must be on the terminals of the vat
during the introduction of the articles, whereas if of plain brass, copper or nickel silver, a pressure
of about 4 volts must be used, to maintain the plating amperage in accordance with the surface of
the work. The need of 2 volts potential across the vat is to prevent the chemical action of the
solution upon the nickel deposit, with the production of a “passive’’ film upon it, whilst the need for
4 volts or more when plating on plain brass, copper and nickel silver, is occasioned by the rapidity
in which these metals are etched by the solution.

The nickelled work is allowed to stay in the solution at this pressure of 2 volts or so for a minute, to
enable the solution to oxidise and destroy any grease remaining on the article, when the current is
increased by means of the shunt regulator on the dynamo to the desired amount, and the deposition
allowed to go on for the usual time of 10-15 minutes. After deposition is completed, the article is
rinsed in warm water contained in an iron tank, so as to retain the majority of the solution adhering,
then through a soda dip to neutralise any acid remaining, through a cold-water swill, then dried out
from hot water in the usual way.
The procedure with plain brass, copper and nickel silver is slightly different, in that the correct
voltage is employed whilst loading the vat, and the duration of plating is prolonged 3 – 4 times.
Afterwards the articles are swilled and dried out as described.
In some cases, such as flower vases, very deep reflectors, jugs, etc., an auxiliary anode is necessary
to throw the deposit completely into the interior. The auxiliary anode is a piece of hard lead,
fashioned into a tube, and connected with a stout flexible cable to the anode rod. It can be held in
position by the operator, wearing rubber gloves for the purpose, at a distance of about 6” away from
the cathode face to be plated.
With experience in plating articles of diverse shape, the practice of chrome plating in time becomes
as simple and easy as silver plating.
A very important point needs emphasising here. When nickel plated articles have to be stripped of
chromium, the face of the nickel becomes very passive, and cannot be replated with chromium
unless this passivity is removed. If the article is well polished again, it can readily be re-chromed;
failure to polish or in any way remove the “passive’’ film will result in failure to re-plate with
chromium.
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Synopsis
Progress in the development of alloy plating is reviewed with some reference to theoretical factors
and to new research approaches. The advantages of polarography in studying alloy deposition are
discussed with particular reference to the co-deposition of tin and nickel. Alternating current
polarography is proving helpful in studying the mechanism whereby organic additions to nickel
plating electrolytes can induce brightness. Some preliminary results obtained with this technique for
specific additions have enabled a tentative explanation of the mode of reduction of these additions
during actual electrodeposition to be advanced. The possible role of sulphur in organic brighteners
is briefly discussed with reference to same comparative results for sulphur-containing and for
sulphur-free additions.
The principles of electrochemical machining, involving the removal of metal by high-speed anodic
dissolution, are briefly discussed and the advantages of the process as compared with conventional
methods outlined.
Introduction
The finishing of metals for service covers a wide variety of processes and it is clearly impossible to
survey the whole field within the time available. Accordingly, attention will be devoted to some
selected aspects of the subject, chosen to indicate the more recent developments and those which it
is considered are of particular interest, the emphasis throughout being on electrolytic processes.
Three main topics will be discussed, namely alloy plating, bright plating and electrolytic machining.
All are attracting considerable attention; alloy plating is making steady headway, the theory of
bright plating is slowly being unravelled, and electrolytic machining is rapidly becoming an
established method of finishing materials that are difficult to machine by conventional means.
Alloy plating
So much progress has been made in the electrodeposition of single metals that in future attention
may become increasingly directed towards the expansion of alloy plating. Moreover, the properties
of a single metal deposit are more or less those of the metal itself and while variable to some extent,
as for instance in hardness, are not susceptible to the radical changes that can be brought about by
appropriate alloying.
One of the main considerations on which the practicability of an alloy plating process depends is the
extent to which the composition of the deposit has to be controlled in order to achieve the desired
properties. With very few exceptions the composition will vary with changes in the depositing
conditions, particularly with changes in the cathode current density which cannot be precisely
controlled over the whole of an irregular surface. The wider the permitted composition range the
simpler the process becomes and in extremely favourable cases, as in the co-deposition of tin and
zinc, the latitude is sufficiently great to render the whole operation little more complicated than the

deposition of a single metal. On the other hand, for the best results in service the composition of
some alloy deposits calls for close control, but this has not prevented the successful development of
processes for their deposition.
Advantages of alloy plating
Electrodeposited alloys are frequently finer grained than their constituent metals under similar
conditions. This in itself is sometimes an advantage and can lead to a reduction in the rate of
corrosive attack. Some electrodeposited alloys have attractive corrosion-resisting properties,
especially when certain specific corrosive conditions have to be countered. Others offer advantages
in respect of resistance to wear and abrasion; tin-bronze is an example and bronze deposits also
have good resistance to many forms of corrosion. In the decorative field tin-nickel is one of the
most attractive alloy deposits by virtue of its pleasing appearance and extreme resistance to
tarnishing. Likewise, the white copper-tin alloy, speculum has good resistance to atmospheric
tarnishing, being much superior in this respect to silver which it resembles closely in appearance
with the added advantage of being considerably harder.
Alloys can be plated bright more readily than single metals. In addition to tin-nickel and speculum
white brass, cobalt-nickel, and copper-tin-zinc alloys can be plated in a condition calling for little or
no finishing. Full use has not as yet been made of the wide range of properties afforded by
electrodeposited alloys. There has been some exploitation, however, beyond the merely decorative
and protective fields, as instanced by Brenner1 who refers to the use of cobalt-nickel and cobaltphosphorus alloys for the production of moulds by electroforming. Brenner considers that the hard
tungsten and phosphorus alloys of the iron group metals should be useful for providing wearresistant surfaces although they have not so far replaced hard chromium for this purpose. For hightemperature applications attention is drawn to the high hot hardness of cobalt-tungsten alloys while
on the other hand alloys having a low melting point, such as solder, are finding application in the
electronics industry. In magnetic applications the cobalt-nickel and iron-nickel alloys are not
without interest. Alloy plating sometimes permits the co-deposition from aqueous solutions of a
metal and another when aqueous deposition of one of the constituents is impossible. Thus, tungsten
and molybdenum can each be co-deposited with the metals of the iron group. Co-deposition may
facilitate production and give improved dispersion in alloys like copper-lead whose constituents
have restricted solubility in the liquid state and differ widely in melting point. It can also lead to the
stabilization of a phase; Brenner quotes the example of 1-2 per cent of copper in electrodeposited
manganese which suppresses the allotropic change from the as-deposited ductile gamma to the
brittle alpha modification. The possibility of suppressing this transformation is thought greatly to
enhance the potential value of electrodeposited manganese as a protective coating.
The literature contains references to the electrodeposition of a great many alloys. Over one hundred
have been traced but a lot have only been deposited on the laboratory scale and some of these
investigations have not held out much hope for successful commercial development. Nevertheless,
the number of alloys being deposited today on the industrial scale is considerable and preliminary
exploration has indicated that successful industrial development could be achieved in quite a few
more cases. Alloy plating has much to offer and will undoubtedly expand as this becomes better
appreciated.
Theoretical considerations
Under the usually irreversible conditions of electrodeposition the deposition potential, E d, of a metal
is given by the modified Nernst equation

where a is the activity of the depositing cation in the cathode film and P is a rate factor expressed by
Faust2 as the additional potential that has to be provided to keep the reaction going at the required
speed. Too much direct significance must not be attached to the value of E d when referring to alloy
plating. It is not a fixed constant but depends upon the plating conditions and alone does not
determine the composition of the deposit. The indefinite and uncertain nature of the deposition
potential is emphasised by Ferguson3 and the only real significance of the above equation is that it
indicates the conditions that must be met to enable the co-deposition of two metals to be effected.
Because co-deposition demands that the deposition potentials of the two or more metals must be
brought together and because the values of Eo for the different metals can never be the same it is
apparent that the conditions for co-deposition can only be realised by appropriate adjustment of a
and P. Unless the difference between Eo1 and Eo2 is small, mere adjustment of the concentrations of
M1 and M2 in the electrolyte is unlikely to achieve the desired objective. Consequently, the use of
uncomplexed electrolytes in the deposition of alloys is more often the exception than the rule.
A knowledge of the polarization curves for the two metals in a plating bath can sometimes provide a
guide as to whether their co-deposition is likely to be possible. The various forms that the
polarization curves may take are depicted in Fig. 1 and it is only safe to say that in cases (a) and (b)
co-deposition might be possible and that in case (c) it would be improbable. Co-depositing metals
exercise a mutual influence on each other, and it cannot be assumed that the current densitypotential relationships for deposition from the individual electrolytes will be identical with those
determined when depositing the two metals separately.

The theory of alloy plating is far from complete. Advancement has largely proceeded empirically
and until recently not much attempt has been made to explain why and when co-deposition occurs
nor to apply such fundamental knowledge as exists to the prediction of results. The theory of codeposition in so far as it has been unravelled is excellently summarised by Brenner1 who pays
particular attention to the respective roles of diffusion phenomena and of cathode potential. He
points out that theory based on the former is the more useful but is limited in application to a small
number of alloy plating systems while the cathode potential is the more fundamental parameter of
the cathode reaction. However, until the factors that determine the potential are better known, he
does not consider that the cathode potential itself will help very much towards an understanding of
the alloy plating process.

In the deposition of a binary alloy the composition of the deposit may be that anticipated from the
potentials of the metals in the electrolyte of one of the two metals, usually but not invariably the
more noble one, may tend to deposit preferentially so that its concentration in the deposit becomes
greater than its concentration in the electrolyte. Preferential deposition of the less noble metal can
be regarded as abnormal and this also applies to alloys one of whose constituent metals cannot be
deposited alone from aqueous solution, e.g., tungsten and molybdenum. The ability to deposit alloys
of metals which themselves cannot be deposited is an outstanding example of the versatility and
advantages of alloy plating.
At 100 per cent efficiency the rate of deposition of a metal is I/F, where I is the current density and
F is the Faraday. The transport of metal to the cathode is by ionic migration, diffusion, and
convection. The interface between the cathode and the electrolyte is possibly of most interest. At
this location convection no longer operates and by incorporating Fick's law of diffusion the number
of equivalents, M, deposited in unit time at the steady state becomes:

where D is the diffusion constant, C the concentration of the electrolyte in g. equivalents per unit
volume at distance x from the cathode, and t c the transport number of the cations. When two or
more cations are involved the applied current density can be considered as apportioned between the
several deposition processes involved. If an alloy plating process is predominantly under diffusion
control it may be possible to predict the effects of variables on deposit compensation. It is more
difficult to make predictions from cathode potential determinations, but useful information can be
gathered from current density-potential curves although the need for caution in their interpretation
has been emphasised. For instance, it has been pointed out that the curves for two metals need not
overlap for de-deposition to be possible. Moreover, the equilibrium potential of a metal against a
solution of its ions is often changed when the metal becomes the constituent of an alloy. In simple
conglomerates little change might be expected but the formation of solid solutions is attended by a
decrease in free energy which leads to a reduction of the activity of the metal with respect to the
solution. The structure of an alloy deposit cannot be inferred from polarization curves. Deposited
alloys may even be metastable; the tin-nickel alloy deposited industrially corresponds to the phase
NiSn which has no place in the diagram of thermal equilibrium.
The extent to which simple diffusion theory can be applied to explain the effects of plating variables
on deposit composition has been discussed by Brenner with regard to the relationship

where Co and C are the concentrations of depositable ions in the bulk electrolyte and at the
electrolyte-cathode interface, respectively, δl is the thickness of the diffusion layer, and t is the
collective transport number of the depositable cations. This is a modified form of the equation
previously given and indicates that C decreases with increase in l, increases with increase in
temperature (because D is increased and δ is decreased), increases with agitation, and decreases
with increase in the concentration of conducting salts. But knowledge of the effects of variables on
C does not tell us what their effects on deposit composition will be. For the more readily deposited
metal the variation of C seems to correspond with the content of that metal in the alloy, but
complete correlation demands a knowledge of the ratio of the two depositable cations at the cathode
surface. However, Brenner states that diffusion theory is applicable (a) when one of the metals
deposits at its limiting current density, under which circumstances the concentration of its ions at

the cathode-solution interface is zero, and (b) if it is assumed that an increase in C is equivalent to
mixing the diffusion layer with the bulk electrolyte, i.e., bringing the metal ions into the diffusion
layer in the same ratio as that in’ which they exist in the bulk solution. An increase in C is then
equivalent to increasing proportionately the concentrations, Cm and Cn of the two metals at the
cathode-solution interface and if Rm represents the metal ratio of the deposit, we have

in which G = 1 — lt/DFδC is regarded as constant. An increase in C then leads to the new metal
ratio R1m, defined by Brenner as

where f is a fraction between 0 and 1. By rearranging this equation he shows that mixing of the
diffusion layer with the bulk solution is equivalent to increasing the concentrations of Cm and Cn in
the same ratio 1/(1 — fG). Finally, this argument can be developed to show that an increase in G
leads to an increase in the concentration of the more easily deposited metal in the alloy and that
likewise the latter increases with the value of C at the cathode surface.
In addition to the well-known variables of single metal plating there is the additional variable of
deposit composition in alloy plating. This in itself might not be regarded as a serious complication
but it does introduce a new concept which cannot be ignored and involves an amplification of the
interpretation of throwing power. For a single metal throwing power is only concerned with
variations in deposit thickness but in the case of an alloy both thickness and composition can vary.
If the effects of current density on deposit composition are known the composition throwing power
might be predicted. Usually, the variations in composition that accompany unavoidable variations in
thickness can be tolerated but this is not always so, even when the covering power of the electrolyte
is high, as in the deposition of brass from cyanide solutions. The ideal case is that in which deposit
composition is unaffected by large changes in cathode current density, but the writer knows of only
one instance of such a fortunately insensitive alloy.
If two metals are not greatly dissimilar in their electrochemical properties co-deposition from
simple salt electrolytes may be practicable, as in the case of cobalt-nickel and cadmium-tin. In
many cases, however, it may be necessary to complex one or both metals. Normally, the
concentration of the metals in the electrolyte calls for close control but, in some instances,
particularly in cyanide solutions, control of deposit composition on a day-to-day basis can be more
easily achieved by adjustment of the free cyanide and free hydroxide contents of the electrolyte.
Such a procedure is not of course practicable if the bath is being operated with insoluble anodes.
Some solutions contain addition agents, but many do not; reference has already been made to the
tendency of some alloy deposits to be bright and a brightening addition can in fact have
a very adverse effect in alloy plating.”
The effects of variation in the temperature of the electrolyte on deposit composition cannot be
predicted. Because increase in temperature leads to a decrease in polarization with consequent
ennoblement of deposition potentials and because it also leads to an increase in the rates of
diffusion and convection, deposit composition is likely to be affected, but the magnitude and
direction of these effects can vary considerably. In the simplest case rise in temperature will
increase the concentration of the more noble metal in the deposit. In extreme cases two metals may

refuse to co-deposit from a given electrolyte below some elevated temperature. As an indication of
the complexity of this problem, the chloride-fluoride electrolyte used in the deposition of tin-nickel
deposits almost pure tin below 45°C. despite the fact that nickel is easy to deposit at room
temperature from a chloride solution and the belief that the role of the fluoride is mainly to complex
the SnII (and any adventitious SnIV) ions in the electrolyte. 6,7
Anodes
The most satisfactory method of replenishment is by the use of single-phase alloy anodes having the
same composition as the deposit. Single phase alloys usually dissolve smoothly but if the alloy itself
is typified by high resistance to corrosion difficulty in dissolving the anodes in the electrolyte may
be experienced but can sometimes be overcome by the addition of suitable anode corroders. Two
phase anodes are restricted in their use; frequently one phase is attacked preferentially, but
sometimes satisfactory dissolution can be obtained as in the deposition of tin-zinc from from a
stannate-cyanide electrolyte.
When operation with alloy anodes is impracticable the remedy is to use (a) insoluble anodes (b) an
insoluble anode with an anode of one of the constituent metals, (c) separate anodes of the
constituent metals, (d) an alloy anode whose composition is purposely different from that of the
deposit to bring it into a single-phase region. In the case of (c) separate anode circuits will usually
be necessary as the anode potentials and optimum current densities will rarely be the same.
Alternative (d) is restricted but has been successfully used in the deposition of tin-nickel.
Structure of alloy deposits
Structures corresponding to those established for cast alloys are known in electro-deposition but
there are many dissimilarities. Deposited alloys are often finer grained than their cast counterparts,
may differ in lattice parameter, and even in basic structure. Some solid solutions are easy to deposit,
e.g., brass, bronze, nickel-cobalt, but it has been pointed out that some pairs of metals that form
extensive solid solutions are difficult to co-deposit while others whose lattice parameters differ
widely can easily be co-deposited.
Electrodeposited eutectic alloys are often difficult to reconcile with the cast alloys from their
microstructures. Some electrodeposited intermediate phases are metastable, possibly having
structures crystallographically the same as those of the cast alloys but differing in lattice parameter
as a result of some difference in metallic ratio. An extreme example is the deposited alloy NiSn
which cannot be prepared by melting and casting; the equilibrium structure at this composition is a
mixture of Ni3Sn2 and Ni3Sn4. There is no general relationship between deposit structure and ease of
deposition. Electro-chemical effects can predominate over those that govern the normal formation
of alloys, as in the example just quoted which, incidentally, if of an alloy that is easy to deposit.
From the structural, viewpoint, possibly the most interesting alloys are those whose constituents
have restricted liquid miscibility. Some bearing alloys come within this field, and in an attempt to
provide better bearings, particularly bearings of superior resistance to fatigue the possibilities of
electrodeposition as a means of producing numerous bearing alloys have been quite extensively
investigated. The difficulties of obtaining the proper dispersion of the lead in cast copper-lead alloys
makes the possibilities of electrodeposition particularly attractive in this case. However, although
apparently sound and reasonably thick deposits of copper-lead over a wide composition range have
been obtained commercial development does not seem to have made a lot of headway. Lead
exercises a pronounced grain-refining and brightening effect on electrodeposited copper. When
present in small amounts (5 per cent) dense, compact deposits, stated to be commercially usable,
have been obtained but from the same electrolyte deposits containing upwards of 50 per cent of lead

were described as banded weak, disorganized, and brittle. ‘°’ For the same lead content
electrodeposited copper-lead alloys appear to be generally harder and more brittle than cast alloys,
but despite this there is some evidence of their serviceability as bearing materials. No serious
difficulties appear to have been encountered in securing adequate adhesion of the electrodeposited
alloy to the steel backing.
Ferguson and Hovey9 have investigated the deposition of copper-lead alloys from various
electrolytes of which cyanide-tartrate solutions gave the best results. They obtained deposits that
were hard and brittle unless the lead content was relatively high and concluded that at its present
stage the electrolyte was not suitable for commercial use, especially for producing thick deposits of
higher copper content. One reason for this is the variation in the composition of the deposit as the
electrolyte ages.10 The advantages of electrodeposition in bearing technology will doubtless
stimulate efforts to overcome existing difficulties.
In the above electrolyte lead deposits preferentially to copper, and the co-deposition of the two
metals is thus in the abnormal category. Electrodeposited tungsten alloys represent another unusual
class. Pure tungsten has not so far been deposited from aqueous solutions, but the literature contains
numerous references to the co-deposition of tungsten with other metals such as cobalt, nickel and
iron. X-ray examination of electrodeposited alloys of tungsten with metals of the iron group have
shown that alloys which under equilibrium conditions should be two phase are in fact solid
solutions,11 the lattices of the alloys being the same as those of the iron group metal. 12 Hoar and
Bucklow13 have observed only an expanded hexagonal cobalt lattice in tungsten-cobalt alloys
containing up to 45 per cent of tungsten with no indication of the second phase present in
equilibrium alloys containing over 20 per cent of tungsten. When the tungsten content exceeded 60
per cent it was impossible to etch the alloys and to reveal any grain structure. X-ray diffraction
indicated a very small grain size and no lattice structure.
Owing to their metastable characteristics these tungsten alloys may be amenable to precipitation
hardening. They are also characterized by their high hot hardness 14, but it is stated that the practical
utilization of this property is hampered by their brittleness and tendency to crack when heated.1
Future progress
From what has been said it is obvious that alloy plating must expand but its rate of expansion will
depend on progress in research. If development is only able to continue through largely empirical
experimentation it is likely to be slow and time will continue to be wasted on trials that come to
nothing worthwhile. The theoretical approach is, however, beginning to provide an answer to much
that was hitherto obscure and with the possible development of new experimental techniques further
enlightenment may be expected to follow. Polarography is one such technique. It is simple, speedy,
and versatile. Its principles are well-known but there is less familiarity with its use in electrodeposition research than with its original and much wider application to the problems of analytical
chemistry. My colleague Dr. P. A. Brook has been investigating the possibilities of polarography in
the study of alloy plating, particularly with reference to the co-deposition of tin and nickel. The full
results of his work will be published in due course and meanwhile I am indebted to him for the
following summary of the use of this new procedure.
The polarogram for an electrolyte containing nickel ions is of the form shown in Fig. 2, where i d is
the diffusion current and E the applied potential. Unfortunately, it is not possible to obtain an
absolutely equivalent curve for a tin-containing electrolyte owing to the complications of hydrolysis
and instability, but for a divalent tin solution a curve of similar form but with the step occurring at a
more positive potential would be expected.

When the electrolyte contains both tin ions and nickel ions, along with the fluoride which is customarily
present as a complexing agent in the standard tin-nickel plating bath, the polarogram takes the form of Fig. 3
and is characterized by two steps corresponding to the discharge of the respective metal cations. It is
particularly to be noted that this double-stepped curve is typical only at temperatures not exceeding 50°C.
The inference to be drawn from it is that the tin will deposit preferentially to the nickel from the mixed
electrolyte and experience shows that below 50°C. this is in fact so.

The influence of temperature on nickel diffusion current for a straight nickel electrolyte and for a
tin-nickel-fluoride electrolyte is shown in Figs. 4(a) and 4(b). The fall in i d for the latter electrolyte
when the temperature exceeds 50°C. is significant. Moreover, beyond this temperature a third step
appears in the polarogram (Fig. 5), the height of which increases over the temperature range 50°65°C. and which occurs at a potential against a mercury pool little greater than zero. Above 50°C.
the mixed electrolyte begins to deposit a true alloy of nickel which is single phase. It is logical to
associate this third step with the co-deposition of the two metals and also with complex formation,
of which there is little evidence below 50°C.

Earlier work based on measurements of changes in cathode potential has indicated that fluoride ions
exert a much stronger complexing action on tin ions than on nickel ions in chloride solutions. 5
Although other complexes may be present, it has hitherto generally been assumed on the evidence
available that the complex SnF4-- was mainly involved in the deposition of tin-nickel from the
chloride-fluoride electrolyte7. It has further been suggested that a prior stage is the formation of the
uncharged complex NiSnF4. The present polarographic studies indicate that nickel is also involved
in the complex formation because with the appearance and growth of the third step in the
polarogram the height of the nickel step diminishes. This possibility is not at variance with the
views expressed in the original research on the tin-nickel plating process. The complex may take the
form NiSnFnn-4. Simple models in which n is 3,4 or 6 lead to essentially the same conclusion that the
change in id for nickel is about the same as the id value for the third step in the curve. If n is taken as
4 we come back to the uncharged complex, NiSnF4, referred to above.
Much more work needs to be done before positive conclusions can be drawn from these
polarographic studies. There are some aspects of the experimental results which remain to be
explained and the interpretation given above must be regarded as tentative for the time being. In
particular, it is not clear why the height of the step for tin in Fig. 5 does not diminish appreciably
while that for the nickel step falls considerably with rise in temperature. The immediate inference
that the fluoride is exerting its complexing action mainly on the nickel is at variance with the results
of cathode potential determinations and with much other work supporting the view that the
complexing action is largely or even wholly confined to the nickel.
Studies are in hand on the polarography of pyrophosphate solutions. So far, only single metal
deposition has been investigated, although with a view to extension to alloy plating. Some
interesting results on the effects of change in pH on the extent of complex formation have been
obtained. Thus, for electrolytes containing stannous pyrophosphate and potassium pyrophosphate,
the two reduction steps normally present in the polarogram merge into a single step at a critical pH
value, which is in the region of 10-0.

Mechanism of Bright Plating
The exact mechanism whereby organic additions exercise a brightening effect on electrodeposited
metals is still by no means clear. In an attempt to shed further light on this problem Kendrick has
made a systematic investigation of the effects of a series of benzene sulphonic, naphthalene
sulphonic, naphthylamine sulphonic, and naphthol sulphonic acids on the brightness, structure, and
induced stress in nickel deposited from a Watts solution. 15 The possible relationship between
brightness and distance apart of functional groups observed by Pamfilov and Panchuk 16 has been
confirmed for napthalene di-sulphonic and tri-sulphonic acids and in the case of the naphthylamine
sulphonic and naphthol sulphonic acids he suggests that this positional effect is not necessarily
restricted to the same functional groups. Brightness increases with the distance apart of the attached
groups and it is tempting to suggest that this distance might bear some relationship to the interatomic spacing of various crystallographic planes in the electrodeposited nickel. However, many
addition agents affect the crystal orientation of the deposit and without further evidence caution is
necessary in considering this possibility.
Although bright deposits are often characterized by preferred orientation a notable feature of
Kendrick’s work is that a number of the additions used actually tended to destroy orientation effects
in favour of a more or less random structure. Preferred orientation is thus not a necessary
concomitant of all brighteners. In this respect deposits from baths containing naphthalene
derivatives usually had a random structure or a (110) orientation. For the compounds studied
brightening effects varied considerably and fairly strong orientation effects were occasionally
observed but the combination of brightness with a random structure resulting from specific
additions is rather unusual and suggests that grain refinement rather than preferred orientation is the
primary factor that causes brightness. When orientation effects occurred, the indications were that
the growth of the deposit was often normal rather than parallel to the cathode.
Kendrick attempted to ascertain how and to what extent these brighteners become incorporated in
the growing nickel deposit. He concluded that the benzene derivatives contribute sulphur but no
carbon to the plate which for these additions was characterized by a (100) orientation. Deposits
from baths containing naphthalene derivatives again contained sulphur and no carbon, unless the
addition contained nitrogen, and in that eventuality sulphur, carbon and nitrogen were present in the
plate. Naphthylamine mono-sulphonic acids were unique in that the entire molecule appeared to
have been transferred to the deposit. Continuation of this work, referred to below, is providing more
information on what happens to these organic brighteners during electrodeposition.
It is well-known that the indiscriminate use of organic additions can induce serious stress in
electrodeposited metals and their use must be balanced to prevent this. Kendrick has found that
naphthalene sulphonic acids, and under some circumstances naphthylamine di-sulphonic acid, can
act as stress reducers. Many of the remaining compounds that he used led to an inverse form of the
stress/thickness curve usually associated with electrodeposits. The greater the distance apart of
constituent groups on the benzene ring the more marked was the initial rise in stress and the higher
the ultimate stress level.17 These stress effects are probably bound up with the structural and
chemical effects of the brighteners on the plate and it has been suggested that the stress level may
be determined by the size and distribution of the non-metallic material incorporated in the deposit.
Even nickel deposits obtained in the absence of brighteners can contain sufficient non-metallic
material to lead to quite gross intercrystalline precipitation on annealing, resulting in brittleness
accompanied by considerable reduction in hardness. Optical microscopy reveals marked changes in
the surface appearance of nickel deposited in the presence of different organic additions, but it is

felt that much higher magnifications are essential to an understanding of the mode of incorporation
of these brighteners and electron microscope studies have now been commenced in the furtherance
of this work.
In the extension of Kendrick’s work polarography is again proving useful. For work on
electrodeposition the latest type of alternating current polarograph has certain advantages over the
earlier types although it does not replace them for exact quantitative studies. The new instrument
enables results to be obtained very quickly; it also indicates whether a reduction and an oxidation
are reversible and can provide information on capacity effects at the cathode. The instrument
produces an elliptical trace on an oscilloscope, the ordinates of which are E and dE/dt (Fig. 6). The
upper half of this trace represents electrochemical reduction and the lower half electrochemical
oxidation. A reduction or oxidation is revealed by an incision in the upper or lower half of the trace,
the width and horizontal position of which corresponds to E for the half-wave process and the
magnitude of which is given by the depth measured from the periphery of the trace towards its
horizontal axis. Reversibility is indicated when an upper and a lower incision occur al the same
value of E, i.e., are opposite to one another.

The results obtained in the application of this instrument to the examination of sulphonic acids are
not yet complete and only a brief summary can be given here. Tests on the brighteners themselves
have indicated that their reduction is often a single-stage process. Nickel solutions give a single
incision corresponding to the discharge of the nickel ions. A solution containing both nickel and a
brightener initially gives the two incisions corresponding to the respective species of reducible ion
but these quickly merge into a single incision corresponding to the simultaneous reduction of both
species.
At this stage of the work, we incline somewhat cautiously towards the view that a single stage is
basically involved in the reduction of these brighteners and that the product of the reduction is
adsorbed on the surface of the cathode. Polarography indicates that the efficiency of reduction is
greatest for mono-compounds being markedly less for di- and tri- compounds with little
differentiation between the latter. It may be significant that for the naphthalene sulphonic acids
Kendrick found the mono- compounds to be less effective brighteners than the di- and tricompounds.
Many organic brighteners contain sulphur. It is not known whether there is any fundamental reason
for this but possibly the fact that sulphonated compounds are often much more soluble than similar
sulphur-free compounds may be an explanation. From the viewpoint of conferring brightness there
does not seem to be anything particularly magical about sulphur, and to examine whether equally

good results can be obtained in its absence a series of organic sulphur-free compounds, kindly
supplied by the Dyestuffs Division of Imperial Chemical Industries, Limited, are now undergoing
tests. The formulae of four of these compounds are depicted below:

J. A. Crossley, who is continuing Kendrick’s work on organic brighteners, has made a preliminary
investigation of the effects of these compounds on Watts nickel. Compound (a) was found to exert a
marked brightening effect but as its solubility is very low compared with that of the sulphonated
additions a direct comparison therewith is not possible. Compound (b) produced dark deposits
which, when thick, tended to strip from the cathode and were probably severely stressed, although
this has not yet been checked. Bromine may be present in these deposits but if so, only in very small
amounts as the tests so far applied have failed to detect it. Compounds (b) and (c) produced semibright plate and there was no significant difference between their respective brightening effects. A
few tests on two compounds having a double benzene ring and a third ring attached through an azo
linkage in the one case and through a CONH linkage in the other showed that the former had no
brightening effect, and on the contrary produced burnt, dull plate whereas the latter, although not
very effective, had a definite brightening influence. It is perhaps noteworthy that the azo linkage is
very stable and that reduction of the compound containing this linkage would therefore be difficult.
These preliminary results are in agreement with those of Kendrick’s work in suggesting that the
double-ring structure has some association with brightness. The magnitude of the brightening effect
clearly depends on the nature and position of attached functional groups but if these are wrongly
chosen the compound can become not only ineffective but even dangerous, as in the case of the
bromine-containing compound just mentioned. Moreover, they also suggest that sulphur is not
essential in a brightener and this view is further supported by coumarin which again is a double-ring
compound. Saccharine is also characterized by a double ring but, unlike coumarin, contains sulphur.
Attempts to supplement this work by measurement of the electrical capacity of the double layer at
the cathode have not so far proved very successful owing to the experimental difficulties involved.
In obtaining absolute measurements the main problem is the determination of the true as distinct
from the apparent surface area of the cathode However, a new technique is being developed with
should enable comparative results between different electrolytes to be obtained and if successful
this may throw some further light on the mechanism of reduction of brighteners.
Electrolytic Machining
The term finishing embraces the removal of metal from a surface as well as the application of
coatings. Metal may be removed mechanically or by dissolution, and electrochemical machining
can be defined as controlled anodic dissolution.

The advantages of this electrochemical process were realised many years ago, but a number of
difficulties were encountered which retarded development until fairly recently.
These difficulties have been largely overcome and the modern process affords a speedy and
accurate method of removing metal which is proving particularly attractive in the handling of
materials whose high hardness or other physical properties make machining by conventional
procedures difficult and costly. Mountford has compared the economics of electrochemical
machining and cutting and has pointed out that when removal speeds are similar the costs of cutting
tools may swing the balance in favour of the new procedure. 18 Moreover, the electrochemical
method enables some processes, such as fine drilling, which are almost impossible to carry out by
conventional means, to be accurately and speedily undertaken.
At an anode efficiency of 100 per cent 1 amp.-hr. will remove a/v x 26:8 g. of metal, where a is the
atomic weight of the metal and v its valency in the electrolyte employed. If the current density is
1000 amp. per sq. in. (which is by no means the permissible maximum in this process) the rate of
removal in the case of the metal iron works out to approximately 0.04 Ib. or 0.15 cu. in. per minute
per sq. in. The depth of penetration is thus 0-15 in. per minute. At current densities in the range 2002000 amp. per sq. in. the maximum feed rates, which correspond with the removal rates, have been
quoted as 0.02-0.2 in. per minute, while at higher current densities penetration rates as high as 0.5
in. per minute have been mentioned.19 In speed the new process can thus compete with conventional
machining.
In order to achieve rapid removal of metal at a high anode efficiency it is essential to reduce
polarization effects to a minimum. In a liquid conductor current flow is not restricted to a fixed
path, as it is in a solid conductor, and to ensure that the work piece is machined accurately to the
desired shape and dimensional tolerance the gap between it and the cathode must be small. A
narrow gap is also desirable to reduce the overall electrical resistance, and hence the applied
voltage, while it further reduces the volume of electrolyte circulating through the gap. High-speed
circulation of the electrolyte through the gap is essential, not only to reduce polarization and to
ensure the effective removal of the hydrogen liberated at the cathode, but also to prevent
overheating of the electrolyte. Because currents are high considerable heat could be liberated and as
the heat developed is proportional to I2R there is still another reason for a narrow gap as R is
proportional to gap width.
Equipment
The essential part of the equipment is the electrode system. If a flat surface is to be machined, it can
merely be incorporated in a simple cell housing a parallel flat cathode but if the flow path is long
this arrangement may lead to trouble through the large accumulation of gas bubbles towards the exit
end. Moreover, considerations of shape and size may preclude the use of a closed cell and in
practice the operation is often carried out by circulating the electrolyte between the work piece and
a cathode shaped to give the desired contour to the work and made hollow to serve as a feed for the
electrolyte. Means must always be provided to feed the cathode towards the work as machining
proceeds at a rate calculated to keep the inter-electrode spacing constant. Part of the cathode may
have to be masked off to restrict the current flow to the cutting edges. Thus, in the drilling of holes
using tubular cathodes, the current must be wholly concentrated at the cutting end of the tube as
otherwise the hole will increase in diameter as well as in depth. The material used for the cathode
should have a high electrical conductivity and copper is frequently favoured. If copper is unable to
withstand the hydrostatic pressure bronze can be employed.
Pumping equipment is needed to circulate the electrolyte. Flow rates vary considerably but can be
up to 50 gal. per minute. A large volume of electrolyte should be available. In all machining

processes it must be remembered that the dissolved metal is passing into the electrolyte and that it
cannot be permitted to accumulate therein indefinitely. The success of the process depends upon
keeping depositable metal ions out of the electrolyte and in the case of ferrous materials this is
largely achieved by the hydrolysis of the products of dissolution which renders them insoluble and
by the cathodic conditions which at the high current densities prevailing are more favourable to the
evolution of hydrogen than to the discharge of metal ions. The concentration of insoluble matter
must not be allowed to rise unduly as the presence of much of it in the gap has an adverse effect on
the machined surface. Settlement and filtration are thus involved. According to Mountford the
nature of the work to be carried out determines whether or not filtration will be required. When
large quantities of metal are being removed, he recommends the use of simple settling tanks. Owing
to the gelatinous nature of the precipitated material filtration is not easy; it can be speeded up the
addition of suitable flocculating agents.
Electrolytes
The electrolyte must have a high conductivity and in theory any simple salt solution might be
considered. Experience has however shown that an electrolyte that gives good results with one
material may not do so with another. Thus, simple sodium chloride solutions produce a good finish
on Nimonic alloys but not on some steels. The concentration of the electrolyte can also have some
influence on surface finish. Unsuitable electrolytes can produce undesirable etching effects while
others may promote passivity at high current densities. Simple solutions of sodium chloride, of
various concentration up to saturation, have been used extensively. Sometimes sequestering agents
are added to facilitate the removal of undesirable compounds normally held in solution. Oxidizing
agents have also been used with the idea of facilitating the removal of dissolved iron.
Although cleanliness in the electrolyte is desirable a considerable concentration of solid matter in
suspension can be tolerated provided it is finely divided and contains no particles large enough to
bridge the inter-electrode gap. The semi-colloidal nature of the products resulting from the
machining of ferrous materials, although objectionable from the viewpoint of filtration, is probably
the most desirable condition for them to assume if they cannot be precluded from the electrode gap.
The electrolyte is not heated. Some rise above the ambient temperature results from the I 2R effect
but the volume of solution in circulation is generally large enough to prevent the temperature rising
above say 25°C.
Theoretical considerations
Because the electrolyte is circulating rapidly and also because current densities are usually high
conditions in electrochemical machining are much more complex than in normal electrodeposition.
The complete theory of the process has not yet been elucidated. Two problems are really involved,
the one being electrochemical, and the other hydrodynamical. Work on the former is currently being
undertaken by the author and on the latter in another British University. The results of the author's
work have not reached the publication stage and the discussion below is restricted to the application
of established principles and of such relevant material as has appeared in print to consideration of
the electrochemical aspects of the process.
Faraday’s laws of course apply and can be combined with Ohm's law in determining the rate of
removal of metal, assuming an anode efficiency of 100 per cent. This is a straightforward procedure
in the case of simple parallel surfaces, but in most machining operations curved surfaces are
involved, and in practice the problem is then one of ensuring a proper distribution over the work
piece. In a simple boring operation, where the system can be represented by concentric cylindrical
electrodes, an exact mathematical analysis can be made assuming that the flow of the electrolyte has

no effect, which is generally not the case. Obviously the current flow lines become bunched closer
together as the inner cylinder, i.e., the cathode, is approached and the variation in potential, E1 - E2 is
represented by

where k is the conductivity of the electrolyte and R1 and R2 are the radii of the two cylinders. Other
cases are much more complex, but the application of theoretical principles and graphical methods
can materially assist in the designing of electrodes for the carrying out of specific machining
operations.
Electrolytic machining is not greatly dissimilar from electrolytic polishing in that while its prime
objective is the removal of metal a smooth surface finish is also required. Hence, uneven dissolution
such as occurs in etching must be avoided and likewise the conditions must not promote passivity.
When properly carried out the removal of metal is accompanied by a pronounced levelling effect,
and work which originally has machine marks on its surface can present almost a polished finish on
completion of the electrolytic treatment. The extent to which electrolytic machining removes metal
from asperities and from hollows has been discussed by Mountford who points out that while the
asperities are preferentially attacked the metal at the bottom of hollows is simultaneously being
dissolved at a slower rate and that consequently considerable overall removal is necessary in order
to smooth the surface. If the total amount of metal that must be removed to eradicate a groove or
similar defect is four or five times the depth of the defect the governing relationship he quotes is:

where D is the thickness of metal removed, A is the gap width, d 1 and d2 are the distances from the
cathode to the hollows at the start and finish of treatment, respectively, E is the applied potential,
and G is a constant involving the Faraday, g. equivalent weight for the metal, specific resistance of
the electrolyte, and density of the metal.
The design of the electrodes and the flow of the electrolyte are critically important in
electrochemical machining. To enable high current densities to be employed rapid movement of the
electrolyte is essential and the flow is generally turbulent. To prevent defects such as striations a
uniform flow over the work piece is desirable. Users of the process have drawn attention to the
modification of the flow pattern that results from the pinch effect which arises from the strong
magnetic fields set up by the very high currents flowing. Moreover, the large amount of gas
liberated during machining affects the flow of the electrolyte and modifies that of the current
through the increase in the resistance of the electrolyte resulting therefrom; this increase becomes
progressively greater from the entry to the exit of the flow path. Experience is showing how to cope
with these problems.
All the indications are that the use of electrochemical machining will increase. It has much to offer
and especially in the handling of difficult materials is likely to compete increasingly with
conventional methods of machining.
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DEEP DRAWING AND PRESSING PROBLEMS.
By J. D. Jevons, Ph.D., A.I.C.
Joseph Lucas Ltd.
(Being a lecture delivered to the Midland Metallurgical Societies at the James Watt Memorial
Institute on 31st March 1938, J. A, A. Fraser, Esq., B.Sc., being m the chair and sonic
80 persons present.)
(This paper was illustrated by 80 lantern slides. Without these it is only natural that much of the
subject matter must lose its point, and a considerable proportion of the original text has had to be
omitted in the following abridged version. - Ed.).
I feel that “Deep drawing and pressing problems” is a subject of peculiar interest to only a small
proportion of our members. For this reason I propose to treat it as far as possible from a purely
metallurgical viewpoint, explaining the nature of some of the problems which are encountered in
the drawing and pressing industry, showing why they arise, and venturing in some instances to
suggest remedies. ;
May I start, therefore, by indicating very briefly what deep drawing and pressing really is. A blank
of soft sheet metal is placed on a die or draw ring having a smooth top surface, which may be flat as
shown in Fig. 1, conical, or of curved contour. This die contains a hole of a shape which
corresponds to that of the article it is desired to produce, the edge of the hole is radiused, and the
dimensions of this radius relative to the thickness of the metal being shaped are of considerable
importance. The more smoothly polished this radius is, the better; irregularities tend to produce at
least three undesirable happenings: they tend to rupture the film of lubricant which is supposed and I say supposed advisedly - to prevent actual metal-to-metal contact between the die and the
sheet sliding over it; they tend to score the surface of the sheet and, lastly, they tend to hinder the
flow of the metal, thus increasing the stress in the walls of the drawn portion of a shell and making
failure more likely.

A punch having a cross-sectional outline of similar shape to that of the hole in the die, but of
slightly smaller area and having its axis normal to, and accurately centred in the die, is then forced
down into the hole in this latter, as indicated diagrammatically in Fig. 1. If all goes well, the metal
sheet flows over the die radius and follows the punch in the desired manner: if this does not happen
- well, one of the “deep drawing problems” implied by the title of this talk arises and demands
solution.

Notice that the punch may push the blank right through the die, as shown on the left or, as shown on
the right, it may descend to a pre-determined depth which will leave some of the blank in its
original plane above the die but, of course, thickened considerably due to the contraction its
periphery will have suffered.
The arrangement shown in Fig. 1 works quite well if the gauge of the sheet is fairly heavy in
relation to the size of the article being formed, because the crowding-up which occurs as the
periphery of the blank gradually becomes smaller manifests as a uniform increase in thickness.
When, however, thin sheet is used, the tendency is for the metal which has not yet flowed over the
radius of the die to wrinkle up into a series of waves instead of increasing in thickness uniformly.
To prevent this undesirable occurrence, it is customary to load the upper surface of the blank with
what is known as a “pressure-plate” or “blank-holder,” as indicated diagrammatically in Fig. 2. The
purpose of this plate is to press the blank into contact with the top face of the die with a force such
that it will not seriously hinder the flow of metal but will nevertheless cause the blank to thicken
uniformly and prevent it wrinkling.
Here we arrive at the first problem I want to draw attention to to-night, namely, how to exert exactly
the desired pressure on the blank-holder. It is not a strictly metallurgical problem, yet, as incorrect
pressure-plate loading is sometimes responsible for the actual failure of good quality metal, and
nearly always limits the depth of draw which can be obtained, it seems desirable to mention it.

As the blank thickens during its progress over the face of the die before flowing over the radius, it is
obvious that the pressure-plate cannot be mounted rigidly and, in the past, it has been customary to
arrange for it to slide on - and be located by - pillars and to be loaded by spring pressure. More
recently, pneumatic rams, or as they are sometimes termed “cushions,” often without the assistance
of springs, have been used to exert force upon the pressure-plate. Still more recently, hydraulic
loading has been used. The advantages of these newer methods of operation are, first, that they
enable the force to be varied more quickly and more accurately than is possible with springs and,
secondly, that with them it is possible to arrange for the load on the pressure-plate to be decreased
during the actual stroke of the press by automatic means. This is of genuine help for, if a recording
manometer be attached to a pressure plate, the record traced as a draw proceeds will be of a shape
something like that shown in Fig. 3. Clearly, if the loading on the plate remains constant, the blank
will be loaded unduly heavily during the final stages of the draw.
If I may introduce a purely personal fancy, it has always seemed to me that great benefit would be
derived from a pressure-plate which is not free to move against the resistance of spring, air or oil
pressure, but is held quite rigidly to give a definite clearance space between itself and the die or
draw-ring. This clearance would be increased by means of cam actuation in a pre-determined
manner as the stroke of the press progresses. Surely it is the width of the clearance space between
die and pressure-plate, not the pressure exerted on the blank, which is the essential factor. I may be

wrong, but to me, control of the pressure plate by resilient springs, or by a compressible medium
such as air, seems illogical: control by pressure exerted through oil, a relatively incompressible
medium, can, I admit, approximate to the ideal of rigid mechanical operation I have just suggested.

Wrinkling of a blank is usually a defect to be prevented but, because the effect is usually
surprisingly regular, it can occasionally be utilised for decorative purposes. or instance, cheap
ashtrays are often pressed without a pressure-plate in order to give their rims that crinkled
appearance which some deem more pleasing than a flat flange. Apart from possible decorative
value, wrinkling is occasionally encouraged for some genuine utilitarian purpose as, for example, in
the rim of the metal shell of the crown corks which are now used to seal so many kinds of bottles.
It is usual, in the majority of presses - whether they be small or huge machines against which a man
appears small - for reciprocating motion to be imparted to the punch by means of a crank and
connecting rod which actuates a crosshead or slide. Other methods of operation, for example, the
screw, cam, rack and pinion and, latterly the fluid-pressure ram, are however used to limited extent.
The overwhelming popularity of the crank-operated press is due to its simplicity and speed of
operation; yet the fact must be faced that, considered from the metallurgical aspect, it is the least
satisfactory of any. The reason for this is that a crank-actuated punch must move with a velocity
which changes throughout its stroke in accordance with the laws of simple harmonic motion, as
indicated in Fig. 4. This continually changing speed is most undesirable in theory, and there is also
abundant experimental and practical shop experience to show that, except in special circumstances,
the replacement of crank-actuation by rack and pinion or fluid pressure ram actuation, other
conditions remaining unchanged, enables a deeper draw to be produced consistently.
Another serious and often unappreciated fault of the crank-press is that the punch, at the instant
when it strikes the metal, is usually approaching the mid-point of its stroke, and is therefore moving
at nearly its maximum velocity. If this velocity is high, there is a strong tendency for the resulting
sudden impact to tear the bottom out of a partly drawn cup, and this tendency limits both the speed
at which the press can be run and the severity of the draw which can be inflicted.
Sudden impact can be prevented if the punch is lowered into gentle contact with the metal before
the stroke proper is begun; in theory, this can be done by means of a slipping clutch, but it is a
practice which would greatly increase the time cycle for each complete stroke of a press; for this
reason, the possibility of its general adoption in industry is remote.
In view of the inherent defects of crank actuation, it is natural to ask what other methods can be
utilised to impart movement to the punch. The answer is: several; but only two others are used on
an industrial scale, namely, the rack and pinion, and the ram actuated by fluid-pressure.

Presses in which the punch is actuated by a rack and pinion, are used to a limited extent, particularly
for tube drawing. In these the velocity of the punch is uniform but, unless the drawing speed is
slow, the metal is still subjected to shock stresses when the punch first strikes it. The use of fluidpressure as a means for imparting movement to the punch has increased somewhat rapidly during
the past few years, particularly in America.
The advantages of fluid-pressure are many: the speed of the punch is normally uniform, but it can
be varied during the actual stroke in any desired manner; a release valve can be set to operate so
that excessive pressure cannot be applied; a by-pass from the fluid-pressure system can be taken to
operate the pressure plate and provide a convenient means for altering the applied load as the stroke
proceeds. In view of these advantages, the development of the fluid-pressure type of press should be
watched very closely.
I have now indicated two problems, namely, pressure-plate control and punch operation, illustrative
of many associated with the orthodox method of shaping articles from sheet metal by drawing and
pressing. There are many others, but I am going to pass on at once to the main, and strictly
metallurgical, part of my talk; although I shall confine my remarks to brass and steel sheet, much
that I have to say will be applicable to other metals. I propose to group the metallurgical problems
of drawing and pressing into three categories. These are:
1. The problem of testing sheet metal.
2. Problems attributable to defects in purchased sheet, and
3. Problems which arise through the treatment given to purchased sheet by the user when he
presses and draws it.
TESTING.
After the sheet or strip has been given its final treatment in the mill, and before it is actually placed
under the press, both supplier and purchaser are faced with the problem of devising and applying
tests in order to ascertain its suitability for the particular deep-drawing or pressing operation for
which it is intended.

This problem is a very difficult one, and, it must be admitted, one which has not yet been solved
completely. All that I can attempt to do is to describe very briefly some of the tests which are
commonly applied to sheet metal. May I say that the order in which these tests are taken has no
special significance.
Hardness Tests.
As indentation hardness tests are the simplest, and in some instances the most quickly made, tests of
any, it is unfortunate that their results give little indication of the deep-drawing and pressing
properties of soft metal. Their main value lies in the fact that if, during routine examination, rapid
hardness tests are made on a large number of representative samples, the probability is that samples
having a certain range of hardness are of the desired quality, and vice-versa. When employed with
this definite limitation, hardness tests can be of some use. More-over, if conditions are standardised,
it does not matter if - as often happens - the indentation is so deep that the influence of the
supporting anvil prevents the indicated value being a true one: this enables the popular and very
rapid Rockwell machine to be used on thin sheet. When true hardness values have to be obtained on
thin sheet, the Vickers machine is probably the most satisfactory of any yet devised.
Tear-length.
The tear-length test is a very simple and quickly made test which reveals the property of
directionality in sheet metal. By “directionality” I mean the difference in physical properties- the
combined influence of which can conveniently be grouped under the general names of “ductility”
and “tenacity’ - which rolled metal exhibits in different directions, the direction of rolling being
usually taken as a line of reference.
The test consists of making two parallel cuts 1 cm. Apart at the edge of a specimen, bending these
normal to the surface, and pulling out a triangular tongue of metal. Instead of pulling by hand, I
have found it better to wind the tongues out on a slotted rod, as if one were opening a tin of sardines
with the usual - very inadequate - key thoughtfully provided by the vendors.
Microscopical Examination.
Microscopical examination, the favourite weapon of the metallurgist, is used with two main objects
in view:
1. To reveal the general quality of the metal as reflected in its microstructure.
2. To measure—perhaps “estimate” would be a more apt word - crystal size.
The behaviour of metal in the press is influenced profoundly - probably more than by any other
property—by the size of its crystals, a property which is usually denoted by the somewhat
controversial term “average grain size.” It is sufficient for industrial purposes if “average grain size”
is interpreted as the appearance of the microstructure of a specimen compared at a standard
magnification - which is usually 75 diameters - with standard charts, for example, with those issued
by the American Society for Testing Materials.
Cupping Tests.
The cupping test is an early and rather crude attempt to reproduce pressing, rather than deepdrawing conditions.
Rapid cupping tests, made on machines such as the Erichsen machine, are probably the most
popular of any industrial test, but the Erichsen test has many shortcomings. For example, it does not

reproduce actual deep-drawing conditions, and the divergence of results obtained by different
operators and on different machines is well-known.
In spite of this, it does provide very useful information not given by other tests, particularly if
observations other than the mere depth of the cup are recorded. For instance, the appearance of the
dome gives an indication of the “average grain size” of the specimen, a property of fundamental
importance.
If the specimen possesses very pronounced directional properties the fracture, instead of being
circular will develop in directions at 90 degrees to those in which ductility is least.
In spite of its failings, the Erichsen must be classed as a useful test, but it is always unwise to
compare results obtained on different machines unless a correction factor has been established.
Cupping tests made with tools shaped differently from those of the Erichsen are used to a limited
extent on the Continent, and fluid-pressure cupping tests, such as those devised by Gough 1 and
Jovignot,2 in which a hemispherical dome is formed by oil-pressure instead of by a metallic punch,
have recently attracted interest, but we cannot review these to-night.
Tensile Tests.
Tensile tests are seldom used for the industrial routine examination of sheet and strip, although
values obtained for elongation and reduction in area do give some indication of deep-drawing and
pressing properties. These properties can be estimated much more usefully, although more
qualitatively than quantitatively, by inspection of special forms of stress-strain curves.
Familiarity with the ordinary tensile test makes us forgetful of the essentially empirical nature of the
results which are obtained by the usual procedure in which increments of elongation are plotted
against increments of load without taking into account the continually decreasing area of the test
piece which has to carry the load. If, for each recorded increment of elongation, the area of the
specimen at its smallest part is measured and the stress calculated with respect to this actual area
and not to the original, and really quite irrelevant, area of the test piece, we obtain a true stressstrain curve.
A true stress-strain curve gives a much more informative picture of the behaviour of a metal within
its plastic range than the orthodox yet empirical form of curve. Furthermore, it forms the basis of
still more informative curves, such as those devised by Sommer 3 and the logarithmic curves of
Norris4 which give, in addition to the usual values, a measure of the rate of work-hardening, a
property which is of profound significance in all deep-drawing and pressing operations.
Wedge-drawing Tests.
Apart from the value of special forms of stress-strain curves it is argued, with perfect justification,
that one reason why the behaviour of metal in a tensile test is not a reliable criterion of its behaviour
in the press is that the conditions of stressing are so different. In the tensile test, a strip of metal is
free on four sides: in the press it is squeezed between the faces of the die and the punch, as well as
being subjected to tension in one direction and often compression in another.
In an attempt to reproduce practical drawing conditions more closely, the wedge-drawing test has
been devised, I think in the first instance by Sachs. 5 The wedge- drawing test is certainly an
ingenious attempt to stress metal in the laboratory as it is stressed in industry.

Practical Drawing Tests.
Practical drawing tests possess the great advantage that they do reproduce actual drawing
conditions, but this is to some extent offset by the difficulty of expressing the results which they
give in some standard numerical form for the purpose of record and comparison. A favourite
method is to cup blanks of gradually increasing diameter in standard tools and take, as a measure,
the diameter of the last blank which can be cupped without fracture. The interesting results of
Gwyer and Varley6 show that a two-stage draw in two sets of tools reveals differences in the metal
which are not revealed by a single-stage draw: an established fact which must have a significance
not yet understood fully.
Tests of this nature are often carried out in a simple hand or power-driven press, with disadvantages
which will be obvious. A German machine, made by the A.E.G. Company, incorporates many
refinements, including manometers to indicate the load at any instant on both the punch and the
pressure plate. It is thus possible to plot all kinds of curves, and anyone who is the fortunate
possessor of such a machine - and also of the time to play with it - could soon accumulate masses of
most interesting and valuable data.
Without doubt it is with the aid of machines such as this - and there are others - that theoretical
knowledge will be gained upon which sound industrial practice will ultimately be based. I need
hardly point out that miniature replicas of industrial tools of any shape can be experimented with in
a press of this description. To make the similarity complete, however, the speed of drawing would
have to be the same in the test and in industrial practice; this factor is often lost sight of or deemed,
most erroneously, to be unimportant.
X-Ray Examination.
X-Ray examination is a subject upon which I should like to say a lot, but it is impossible usefully to
summarise its methods and applications in the space of a minute or two. Increasing attention is
being paid to X-Ray examination, and very valuable information concerning crystal structure, the
mechanism of plastic deformation, directionality, and other matters is being obtained, particularly in
America.
We must now leave the problem of testing, but before doing so may I repeat that no single
laboratory test yet devised enables the behaviour of metal in the actual press to be predicted in a
desirably complete and reliable manner.
DEFECTS FOUND IN PURCHASED SHEET.
Defects in Steel Sheet
‘‘Laminations.”
The most common defect found in steel sheet at the present time is what, in many press-shops, is
termed “lamination.” This is usually caused by the presence in the sheet of the residue of a “pipe” in
the original ingot, although sometimes large masses of non-metallic inclusions not located in the
major pipe cause a similar, but more localised, effect. I use the term “localised” in a relative sense,
for minor discontinuities may extend continuously through many feet of strip of ordinary gauge.
This type of defect is usually attributed by the user of sheet to insufficient cropping of the ingot.
Very often he is right, but it must be remembered that most steel sheet is rolled from “rimming”
ingots—that is, from ingots which have been incompletely “killed” or de-oxidised - and that in

these the major pipe tends to be smaller and less sharply defined than in killed steel ingots. Due to
their nature, there is a tendency for rimming steel ingots to contain cavities other than the main
pipe, and it is these which form what I have called “localised” discontinuities in the rolled sheet.
Chemical composition.
The chemical composition of steel sheet rarely causes trouble. Occasionally the carbon content is
higher than usual, thus reducing the ductility, but the proportion of impurities, determined as an
average, is scarcely ever responsible for failure. Localised segregation of impurities, particularly of
phosphorus, is quite another matter; but it is doubtful if the impurities in commercial steel sheet will
ever be reduced to so small an average value that localised segregation will not prove injurious.
“Cored” sheet.
Pronounced “coring” must be classed as a defect likely to cause failure, because its effect is to
decrease the ductility of the sheet as a whole. The natural structure of a rimming steel ingot, and
therefore of the sheet rolled from it, is a central core in which is segregated most of the impurities and incidentally most of the carbon - bounded by surface layers of relatively pure iron, If the core is
unusually high in carbon and impurities, it will possess a ductility which is much less than that of
the surface layers due to two causes:
1. A smaller crystal size, and
2. The hardening effect of the dissolved impurities and the the precipitated carbide.
Planes of high phosphorus content.
Well-defined layers containing a high proportion of phosphorus, seen under the microscope as
continuous white lines, are another common cause of reduced ductility in commercial sheet. This
defect, if pronounced, can seriously reduce the ductility of otherwise satisfactory sheet. It is usually
considered unreasonable for the user to reject sheet solely on account of pronounced phosphorus
segregation, yet he often finds that the severity of this one defect may determine the success or
failure of sheet in severe pressing operations.
Crystal structure.
The crystal structure of a good proportion of steel sheet tends, at least by comparison with that of
brass, to be reasonably satisfactory as regards both the mean size of the crystals and also the
regularity of size, that is the maximum and minimum sizes which co-exist.
Although the crystal structure of annealed sheet, if not as regular as that of normalised sheet, still
tends in these days to be reasonably good, occasional serious lapses from grace are not unknown
due to critical-strain crystal growth, a phenomenon about which I shall say more later on.
Directional Properties.
Directional properties in steel sheet vary rather widely in severity; when pronounced,
“directionality” can constitute a serious defect. It should be borne in mind that, in steel, directional
effects attributable solely to crystal structure are supplemented by others attributable to elongated
planes of segregated chemical constituents and non-metallic inclusions.
Marked directional properties may cause sheet to fail in two ways:

1. There may be a reduction of ductility in a certain direction to a value so much below
normal that fracture will occur at 90° to this direction under normal conditions of pressing or
drawing. Here is a split cup which illustrates this type of failure rather well. The continuous
line (Fig. 5) marks the direction of rolling in the original sheet, and the dotted lines mark
directions at 45° to this. The closeness with which the four splits conform to these 45°
directions is striking.

2. If insufficiently pronounced to cause actual failure, a reduction in ductility in certain
definite directions may still produce what are known as “ears” in a pressed or drawn article.
In steel the direction of minimum ductility varies with the treatment given to the sheet in the mill.
Usually, it is at 45° to the direction of rolling but, with certain percentage reductions prior to
annealing, it may be at 90° and, occasionally, at intermediate angles.
Surface Defects.
Surface defects sometimes cause trouble. The majority of these defects can be placed in one or two
categories:
1. Blemishes attributable to the presence of sub-surface discontinuities, which may be due
either to ordinary non-metallic inclusions or voids or else to special defects attributable to
mould defects, splashing, or suchlike causes. When the sheet is stretched, these defects may
open up or manifest as blisters or localised rumpling of the surface.
2. Blemishes attributable to rolled-in mill-scale which has been dissolved away during
pickling. The residual cavities may be hardly noticeable on cold-rolled sheet but, when the
sheet is stretched, they open up into blemishes which, although of small size, spoil the
surface for many purposes.
Variation in Thickness.
Problems arising from irregular thickness can at times be serious, particularly in large sheets as used
for automobile body parts. If the thickness of a blank is not uniform, the metal may flow in an
undesired manner, because all the area of the pressure-plate cannot exert its normal restrictive
action.
Alternatively, the thicker zones of the sheet may be gripped by the pressure-plate so tightly that the
metal cannot flow, and therefore breaks.

Age-hardening.
Age-hardening, an effect which occurs in a large proportion of deep-drawing and pressing quality
steel sheet, causes the physical properties of cold-rolled sheet, or shapes drawn from annealed sheet,
to change with time. From the viewpoint of the user, age-hardening is a defect because, if a long
delay occurs between successive operations, the steel may lose so much of its ductility that the next,
and normally safe operation, produces failure. It is unsafe to use hardness tests as a quantitative
indication of loss of ductility due to this cause: the decrease in ductility which may result from
standing after cold-working is often much greater than the increase in indentation-hardness
suggests.
Stretcher-strain Markings.
The last defect I want to mention arises from the natural tendency of soft, low-carbon steel to
develop what are known in industry as “stretcher-strain markings” when stretched to an elongation
of not more than 4 per cent.
Stretcher-strain markings can be avoided, or at least minimised, by using sheet which has been
given a very light cold-pass—often termed “temper-rolling’’ - after the final annealing operation.
The practical effect of this very light cold-rolling is to change the shape of the stress-strain curve,
i.e., it removes the curious kink in the curve which gives the effect known as the “yield point.”
Kenyon and Burns7 have shown that the severity - and incidentally the depth - of stretcher-strain
markings is related directly to the magnitude of the yield point elongation, the name given to the
horizontal length of the kink at the end of the straight, vertical portion of the usual stress-strain
curve. Fully annealed steels of very low carbon content often have a very large yield-point
elongation, this is unfortunate, because these steels are the most suitable for many deep-drawing
and pressing operations and the readiness with which they develop severe stretcher-strain markings
has been a source of great annoyance.
Unfortunately, even very light cold-rolling lowers the ductility of sheet, and the difficult art of
temper-rolling lies in giving sheet just that degree of cold-rolling which will obliterate the yieldpoint elongation as nearly as possible yet will not reduce the ductility enough to make the sheet
break during any given pressing operation.
It is important to bear in mind that if temper-rolled sheet is allowed to stand for long periods, the
shape of the’ curve given by it reverts gradually to that of the annealed steel. Temper-rolled sheet
ought, therefore, to be pressed as soon as possible after the final rolling treatment.
In America it is claimed that what is called “non-ageing” steel, which is immune from both
stretcher-strain markings and age-hardening, is now available commercially. This steel contains
both aluminium and titanium and is given a special annealing treatment in which the temperature,
time of soaking and also the cooling rate is closely controlled. I understand that this type of steel
has been produced only on a laboratory scale in this country; its industrial advent will be very
welcome.

Defects in brass Sheet.
Inclusions.
Adopting the same order as with steel, the first defect to be considered is inclusions. Fortunately,
the presence of seriously injurious inclusions in brass sheet is very rare; there is no direct parallel to
the pipe and non-metallic inclusion type of defect which is so common in steel.
Chemical Composition.
The chemical composition of brass sheet, unlike that of steel, causes trouble occasionally. In these
days it is rare for the copper-content to fail below the specified minimum value, and still rarer for
the proportion of harmful impurities, such as cadmium or tin, to rise to a dangerous value through
the use of contaminated scrap. Iron sometimes rises to a proportion which, though not sufficiently
high to cause a really serious reduction in ductility, renders the behaviour of the metal erratic during
annealing. Small amounts of phosphorus of the order of 0,004 per cent. are sometimes added to
retard crystal growth during annealing and, quite recently, it has been shown by two American
workers8 that a small proportion of chromium is far more effective than phosphorus in achieving
this end. If the proportion of these added elements is inadvertently increased beyond the very small
values which are desired, the ductility of the sheet becomes seriously impaired.
Lead is an addition, rather than impurity. Its effect upon deep-drawing and pressing properties is
determined mainly by the state in which it exists. Using special means to ensure the dissemination
of lead throughout the crystal structure in very small, isolated globules, our American friends are
now successfully pressing and drawing brass to which about 2 per cent of lead has been added to
facilitate subsequent machining operations. Needless to say, any agglomeration of these very fine
globules renders brass of this composition unsuitable for pressing or drawing.
Free Beta Constituent.
Free beta constituent is often found in commercial-quality brass sheet containing 63 to 64 per cent.
of copper, and sometimes in brasses of higher copper-content. I know that some of my very good
friends consider that my views on the subject of beta are a little exaggerated; I do assure them that
the presence of a considerable proportion of beta does seriously impair the deep-drawing and
pressing properties of ordinary alpha-brass sheet.
Crystal Structure.
The crystal structure of a large proportion of industrial brass sheet can only be described as
unsatisfactory from the particular aspect of deep drawing and pressing; indeed, it is very rarely that
one sees a sample of brass which possesses what the user calls a good crystal structure. The defects
are two:
1. The size of the crystals is highly irregular; that is, in any given area, small and large
crystals exist side by side.
2. The “average grain size’ is seldom constant or within the range for which the user has
asked.
Another point relating to crystal structure. It is established as a recognised fact that, after pressing, a
sheet having a large crystal size, say of the order of 0.10 to 0.20 mm., will produce a very rough
surface in comparison with the surface given by metal of, say, 0.03 to 0.05 mm. average grain size.
It is said that this roughening is due to the slipping and rotation of the crystal grains but, surely, the
order of roughness is far greater than this unqualified explanation can account for. What we may

describe as a single undulation in a so-called “orange-peel” surface must embody very many
crystals, and it seems to me as if a kind of block movement, in which blocks or aggregates of many
crystals slip and rotate in a manner similar to that observed in a single crystal, must take place. An
internal block or mosaic structure is, of course, known to exist within the crystal itself, and it seems
likely that the phenomenon is repeated on a larger scale.
If we accept this hypothesis for metal having a large crystal size, it is only logical that we extend it
to metal having a small crystal size, and it may be that this super-mosaic structure plays an
important part in the mechanism of plastic deformation,
Directional Properties.
Directional properties in brass sheet tend to be less pronounced, and therefore less harmful, than in
steel. It is of interest to notice that the direction of minimum ductility lies at 45° to that of rolling in
nearly all commercial brass sheet, although other directions have been obtained after special rolling.
You will recall that in steel, 0° and 90° were the favoured directions of minimum ductility. Apart
from effects attributable solely to crystal structure, stringers of small crystals give directional
tendencies comparable to those given by strings of non-metallic inclusions and planes of
segregation in steel.
Surface Defects.
Surface defects also tend to be less serious in brass than in steel, and certainly less prevalent than of
old; this may be due in some measure to the increasing tendency to machine the surface of ingots
and partly-rolled slabs. The surface finish on a fair proportion of commercial brass sheet is
excellent, and often better than the user can take full advantage of.
Variation in thickness.
Regularity of thickness is much better with brass than with steel, due partly to the greater ease with
which brass can be rolled and partly to the fact that the width of the sheets normally used is
considerably less than in the case of steel. The user would, however, welcome less variation in the
thickness of the wider strip in some instances.
DEFECTS ATTRIBUTABLE TO THE USER.
The last part of this paper deals with problems which arise as a direct result of the treatment and
manipulation which the user accords to the metal sheet which he purchases.
The preceding section constituted a review of what, seen in a mass, comprised a rather fearsomelooking list of defects which occur in purchased metal. The user considers, not without cause, that
the quality of the metal he purchases is often far from satisfactory; but, from the viewpoint of the
supplier, it is equally true that much metal of what - judged by present standards - must be classed
as good quality, is culpably maltreated, or at least not used to the best advantage, by the purchaser.
Instead of examining a number of isolated problems, I think it will be better if we trace the progress
of the metal through the works of the user, pointing out some of the more common causes of trouble
attributable solely to him.

The Choice of Quality.
First comes the thorny problem of the quality of metal to be purchased. Sight is often lost of the fact
that the first cost of metal may be small in comparison with the total cost of production of each
article. It may be cheaper in the long run to pay slightly more for metal if, thereby, uninterrupted
production can be ensured, or possibly annealing operations rendered unnecessary, or the total
number of operations needed to produce a given article reduced.
Anyone who believes that apparently expensive metal is always a foolish extravagance, will find
food for thought in the last issue of the American Electro-plater’s Society Monthly Review. 9 In this
there is described how, in the manufacture of pressed and plated steel articles, an increase of no less
than 80 per cent. in the cost of the purchased steel strip, accompanied by an increase of about 20 per
cent. in tool maintenance costs, enabled polishing to be eliminated, buffing costs to be reduced 30
per cent. and a slight saving shown in the total cost of production of the article. Observe that this
resulted from an 80 per cent. increase in the cost of the sheet; yet often we are told that even a 5 per
cent: increase cannot be tolerated.
Damage caused in Storage and Handling.
Let us assume that the metal has now arrived in the yard of the user’s works. Suppliers usually take
some care to preserve the surface of the sheet or strip they have been at pains to produce; not so Bill
in charge of the goods receiving yard, and Enoch and Eli his stalwart henchmen. Sheets are often
dented and scratched during handling and storage; heavy coils are dragged along the floor, picking
up grit which works inwards from the edges and remains on the blanks to cause scores on the drawn
articles and damage to the tools.
The question as to whether purchasers who use a fair quantity of metal should buy it in the form of
ready-cut blanks instead of as sheet or strip is somewhat controversial, but blanks certainly possess
the great advantage that they can be packed in cartons and transported straight to the side of the
press, safely protected from the unwanted hallmarks of Enoch and Eli.
Blanking.
The first actual production operation is to punch blanks out of the sheet or strip. Many people
regard blanking as a foolproof operation but, if the tools are blunt, incorrectly set, or have a
clearance unsuited to the gauge of metal being blanked, a severe burr or lip. may be produced on the
edges of the blanks sent to the press shop. This burr is seldom noticed; indeed, if the operation is a
double one of the popular “blank and raise” variety, the burr cannot be seen unless the press is
stopped in the middle of a stroke and a blank extracted for inspection.
It is quite possible for a bad burr on the edge of a blank to cause failure during subsequent
operations. It must be borne in mind that the metal in the lip of a burred blank is very severely
work-hardened, a fact which doubtless accounts in some measure for its harmful influences.
Choice and application of Lubricant.
After being sheared, the blank is usually coated with lubricant. The choice of a suitable lubricant is
a matter of very great importance, and one which may determine the success or failure of any
pressing or drawing operation.
The methods adopted for applying lubricant to the metal are often far from satisfactory: too often a
wipe with a rag is all that is given. This may cause one of two things:

1. The application of too little lubricant, leading to scoring and fouling, if not actual failure,
or
2. The application of too much lubricant which, in some instances, leads to the formation of
puckers in the walls of the shell.
When a pressure-plate is used, variation in the amount of lubricant placed on each blank may lead
to variation in the flow of the metal: in an awkward draw under critical conditions this may cause a
certain proportion of blanks to fail. Besides causing a varying amount of lubricant to be applied to
each blank, the usual method of application by means of a rag leads to the transference of dirt and
grit to the blank or partly formed shape and thence to the tools, on which it accumulates; this
produces scores on the work and quickly spoils the polished surface of the tools. Dipping previously
cleaned blanks into a well-protected bath of lubricant offers some advantages, but usually it is better
to feed each blank through a series of cleaning and lubricating rolls. Mechanism for doing this is
actually incorporated in some modern automatic presses, and an extension of the principle to handfed presses may well be encouraged.
The removal of lubricant after an operation has been carried out is often nearly as important as its
application before the operation. If, as happens sometimes, lubricant is allowed to remain on work,
bad staining may be caused while, with some of the newer lubricants, a powdery deposit is left
which acts as an abrasive during the next draw, scoring the metal and the tools, and sometimes
causing actual failure due to the greatly increased friction which it engenders between the metal and
the tools.
It is important to remember that complex drawing lubricants cannot always be removed by a swill
or in an ordinary tri-chlorethylene degreasing plant; high-pressure sprays may be necessary
adequately to remove the solid fillers which are sometimes added, and even some of the heavy
greases unless these can be emulsified.
The Pressing or Drawing Operation.
Now comes the actual operation of pressing or drawing. A lubricated blank, or a partly formed
shape is placed in the tools, a lever is moved and - wallop! - down comes the punch.
If the demands made on the metal are reasonable, out comes the shape in its new form and in goes
another blank or shape as quickly as possible. If the demands are entirely unreasonable, the metal
fails.
Whether or not the demands are reasonable or unreasonable, will depend on conditions imposed by
the design of the tools, the severity of the attempted deformation, the efficiency of the lubricant, the
speed of drawing and the action of the press itself. Misalignment or slight “chatter” of the punch perhaps during only part of its stroke - due to worn slides or other causes, are common sources of
trouble. With large tools of unsymmetrical shape, such as are used in automobile body work, tilting
of the punch and the pressure-plate must always be watched for.
Discussion of tool design is beyond the scope of this essentially metallurgical paper, yet it is
necessary to emphasise the fact that failures attributed to metal ought, as suppliers know only too
well, sometimes to be attributed solely to tool design or to the other items just mentioned. The
metallurgist can help the tool designer by measuring the thickness and the hardness at close
intervals on sectioned shapes; in this way it is possible so to design or modify tools that localised
zones of excessive thinning or excessive work-hardening are avoided. If, in a first operation, a zone
of severely work-hardened metal is formed, it is obviously foolish to expect - as, unhappily, is
sometimes done - that in the next operation this zone will flow and deform as readily, and to the

same extent, as adjacent less-severely work-hardened zones. The construction of hardness maps is
sometimes the only way in which a true conception can be formed of what is actually happening
during a given pressing or drawing operation; it is a laborious, but very valuable, method of
investigation, and one which should be used more frequently.
It is certain that in the future the metallurgist will co-operate much more closely with the tool
designer, and that the craft of deep drawing and pressing will come to depend less on “trial and
error” methods, for it will become possible to predict from theoretical considerations what amount
of plastic deformation a given metal sheet will or will not suffer and, in addition, what sequence of
drafts will enable the maximum possible amount of plastic deformation to be given.
Wrinkling, Puckering, Scoring and Fouling.
Even though the metal has been drawn without failure, the resulting shape may exhibit a number of
defects such as wrinkling, puckering, scoring or fouling.
Wrinkling and puckering are defects for which the long-suffering metal is sometimes blamed
without justification. Wrinkling, the term applied to the formation of wrinkles in the part of the
blank or shape which has not passed over the radius of the die, is due to too light loading of the
pressure-plate, or to unsuitable tool design; never to a peculiar condition of the metal itself. When
the rim of an article is intended to be cut off, wrinkling is often allowed, and even encouraged in
certain regions; wrinkling becomes a defect only when the wrinkles extend into the wanted part of
the article.
Puckering, the term applied to an undulating wave-like formation in the part of the shape which has
passed over the radius of the die, may be due to unsuitable tool design. It can, however, occur with
tools which are normally satisfactory if a change is made to a drawing lubricant having a more
“slippery” nature and, occasionally, if a batch of unusually hard metal is received. This statement
applies to brass and steel; some metals, for example, aluminium, are much more prone to pucker
than others; in this sense, puckering is related to the inherent properties of the metal.
Puckering must be regarded as a defect, but, very occasionally, severe puckering can be adapted to
give decorative effects.
The avoidance of the defects known as scoring and fouling often constitutes a difficult problem.
Both these defects are due to the same cause, namely, to localised breakdown of the lubricating film
allowing metal-to-metal contact to occur between tools and work, and it is often difficult to say
where one ends and the other begins.
Fouling, which implies actual seizing or welding to the tool surface of metal torn from the surface
of the work, may occur unaccompanied by severe scoring.
Both scoring and fouling can cause a lot of trouble and, in a given set of tools, can be cured only by
improving the quality of the lubricant, by reducing the speed of drawing or, sometimes, by
chromium-plating or nitriding the tools if these are of steel. With steel sheet, both scoring and
fouling can be greatly minimised if the sheet itself is coated with copper, lead or tin prior to being
drawn.
Speed of Drawing.
Speed of drawing is a very important factor. From theoretical considerations as, for example, from
the interesting results of high-speed tensile tests made by Winlock and Leiter 10 - there is reason to
believe that a speed greatly in excess of that usually employed would enable a greater amount of

plastic deformation to be imposed on many metals. High-speed tensile tests suggest that the
phenomenon of work-hardening takes an appreciable time to manifest; if the metal can so-to-speak
be “caught napping” and deformed very quickly indeed, the amount of deformation which can be
imposed upon it before old man work-hardening has done more than rub his eyes is often
surprisingly great.
It is unfortunate that, under practical conditions, several factors usually restrict the speed which can
be used in pressing and drawing operations to some value well below the specially interesting range
just mentioned; indeed, so great is their influence that a decrease rather than an increase in
industrial speeds often proves beneficial. The chief practical difficulties associated with high speeds
are:
1. avoidance of an impact at the start of the operation, and
2. The retention of a film of lubricant which will prevent actual metal-to-metal contact - and
hence scoring, fouling and increased friction leading to failure - at the very high
temperatures which are attained locally and momentarily by the surfaces of both tools and
metal.
Annealing.
After this unavoidable digression, let us return to our tour of the works. When metal is cold-worked
it work-hardens at a rate and to a degree determined by its nature; a stage is therefore arrived at
when further plastic working becomes impossible, and the metal must have its ductility restored by
the familiar process of annealing.
With furnaces of old design, the giving of the correct heat-treatment was largely a matter of luck;
with modern furnaces and temperature-controlling devices, there is no excuse what-ever for metal
being given a grossly incorrect annealing treatment. There is, however, still a likelihood of small
articles placed in a large furnace, whether of batch or conveyor type, not receiving exactly the same,
and therefore not exactly the correct treatment. During the last few years there has become available
a type of furnace in which the atmosphere is circulated at high velocity over heating elements and
through every interstice of a charge; this method does ensure uniform, and incidentally very rapid
heating. Heating by convection ceases to be efficient above about 700°C.; as the theoretical
normalising temperature for steel is about 900 - 920°C., this type of furnace cannot be used, and it
is therefore very fortunate that the theoretical normalising temperature can be exceeded with safety,
thus, ensuring that, in a still-atmosphere furnace, all parts of the charge reach the desired minimum
temperature.
Bright-annealing, whether carried out in furnaces of the batch type or the popular belt-conveyor
type, brings problems of its own, but the subject has been discussed so often and so feelingly in this
room that I am going to say only one thing about it, namely, that there are instances on record of
bright-annealed metal having proved less satisfactory for actual drawing operations than metal
annealed under ordinary conditions. This seems to be due to the fact that as bright annealing renders
pickling unnecessary, the metal is sometimes returned to the press with a smooth instead of an
etched or matte surface; this smooth surface is unable to absorb and retain lubricant as does an
etched surface, and the difference is manifested as an increased tendency of the drawn metal to
become scored or to “foul” the tools. Either light sand-blasting or light pickling will restore normal
deep-drawing properties to bright-annealed metal, but, as the giving of either of these unpleasant
operations detracts from the advantages of bright annealing as a production operation, it is to be
hoped that in the majority of instances some other means - such as a change in lubricant - will
enable bright-annealing to be used without serious detriment.

Critical-strain Crystal Growth.
If the whole of a furnace charge is heated and cooled in the desired manner, and without detrimental
surface oxidation, the annealing problems of the user of brass are ended: not so those of the user of
steel, who has to contend with critical-strain crystal growth.
It is well-known that if steel of very low carbon content is strained a certain critical amount and
then annealed at a certain temperature, its crystals will grow to a quite abnormally large size.
Because of this, it is often impossible to avoid the occurrence of abnormal crystal growth in certain
zones of pressed or drawn articles if ordinary annealing temperatures are used. Needless to say,
regions in which abnormal crystal growth has occurred possess little tenacity and will elongate
locally when further plastic deformation of an article is attempted; even should the desired degree
of subsequent deformation be found possible, the surface of the article will become abnormally
rough in the affected zones. Both the rough surface and the localised elongation leading to rupture
can be seen in the shell (fig. 6) near the apex of which abnormal crystal growth has occurred.

Unless some inhibitor of crystal growth can be discovered and added to steel, there seems no cure
for critical-strain crystal growth during inter-stage annealing; it can, however, be avoided by
normalising.
In the past, normalising meant severe scaling and, as a result, prolonged pickling; now that cleannormalising furnaces can no longer be regarded as either a novelty or a luxury, there is no reason
why annealing should not be replaced by normalising for all inter-stage restorative treatments. From
the actual drawing aspect, normalised steel is equal to properly annealed steel, and much superior to
improperly annealed steel.
Season-cracking.
We can now assume that our imaginary article has been successfully drawn or pressed to the desired
final shape, with or without the help of inter-stage annealing. but the problems of its maker are not
yet solved entirely: there remains with brass the possible, and often long-deferred, defect of seasoncracking. When this occurs - as it still does - its cause can usually be traced to a batch of articles
having missed the pre-scribed stress-relieving anneal, or to all the parts of a furnace charge not
having reached the desired temperature. In order to avoid undue softening of pressed and drawn
metal shapes, it is customary to anneal at as low a temperature and for as short a time as possible;
this increases the likelihood of some parts of a charge in a still-atmosphere furnace not reaching the

assumed temperature. Slow-speed fans are often used to aid circulation in large furnaces, but the
only certain way to ensure proper heating throughout the whole of a charge seems to be to carry out
stress-relieving treatments in a furnace employing a rapid forced-circulation atmosphere.
This ends our imaginary tour of the user’s works, and with it my review of deep drawing and
pressing problems. There exist, naturally, many more problems than the ones I have mentioned, but
I have attempted to pick out those which concern the metallurgist most closely.
I have tried to deal with deep drawing and pressing problems in a manner having general
metallurgical interest. If any specialists in the audience, enticed here by the title of this paper, have
found it tedious, I can only apologise and express the hope that this résumé and classification of
facts which are not new to them may yet prove profitable: an occasional stocktaking is often
surprisingly useful and leads to the discovery of unsuspected relationships.
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METALLURGY OF METAL CUTTING
E. M. TRENT, M.Met., Ph.D.
Wickman Wimet Ltd.
(A paper presented to the Birmingham Metallurgical Society, January 7, 1960.)
Rapid development of tool steels from carbon to high-speed steel took place in the latter half of the
19th Century, but progress in tool steels in the last sixty years has been very slight in comparison.
Perhaps high-speed steels, of which the 18% W, 4% Cr, 1% V type is the most common, give a
performance as cutting tools close to the optimum which can be achieved from heat-treated alloy
steels, and their development by the year 1900 is a tribute to the co-operation of engineer and
metallurgist described in Fred. W. Taylor’s famous Paper “On the Art of Cutting Metals” 1. This
ought to be read to appreciate the thoroughness with which every significant variable in the cutting
process was examined by the techniques available at that time, under the auspices of the Bethlehem
Steel Co. Both composition and heat-treatment of the tool steels were developed systematically
until alloys and treatments very close to those still in use to-day were developed at a cost of
$150,000 and many tons of steel.
It is significant that this rapid development of high-speed steels took place in the machine shops of
a steel works where both sides of the process were investigated, the engineering and the
metallurgical. In far too many cases the engineer has had to accept what the metallurgist had to offer
in the way of tools and work material, with knowledge only of their mechanical properties such as
hardness and tensile strength, while the metallurgist left the problems arising from machining to the
engineer. While many metal forming processes such as forging, rolling or extrusion are normally
carried out in metallurgical works, machining is done mainly in engineering factories. As a
consequence, while the former processes are normally investigated by metallurgists and. the metal
journals are full of Papers dealing with them, very few metallurgical investigations on machining
have appeared in print. The producer of metal for industry must meet many requirements of the
consumer and if he receives no complaints concerning its “machinability” he is glad to let sleeping
dogs lie. The producer of tool material often has a more direct connection with the machining
process, but here also it is quite normal for a firm which has produced what it hopes is an
improvement in a tool material to hand it over to an engineering firm for testing.
This divorce between the engineering and metallurgical aspects of machining has particularly
affected research which has been left almost entirely to the mechanical engineers whose journals
contain many papers on the “Mechanics of Metal Cutting”2 following the pioneer work of Ernst,
Merchant and others - and on mathematical approaches to the thermal and stress systems existing
near the cutting edge of a tool in service. While much data on stresses and temperature has been
accumulated in this work, there has been an increasing tendency for research on machining to
become sterile and academic exercises in mathematical ingenuity further separated from practical
application. There has been little progress, for example, towards the prediction of tool life from
measurement of tool forces or from knowledge of the mechanical properties of tool and work
materials.
This is due partly to the one-sidedness of the approach. Both tool and work material are metallic,
and machining is a process of metal flow. In the absence of exact knowledge of the process of metal
flow in the formation of swarf and around the cutting edge of the tool, engineers have had to make
assumptions concerning these. That some of these assumptions are almost certainly incorrect has
seriously hampered their work. This has come to be realised to some extent in America and in
Germany, where the value of a concerted programme on metal cutting research involving engineers,
metallurgists, chemists and physicists has been acknowledged as shown, for example, by the work

carried on at The Cincinatti Milling Machine Co. 3 and at the Technische Hochschule in Aachen.4 So
far in this country there is little sign that the necessity for metallurgical intervention in machining
research has been recognised.
The maker of tool materials is faced by the demand from the customer for more consistent tool
materials and for tools which will withstand higher cutting speeds or wear more slowly. In seeking
to improve his product, he can adopt the empirical approach of making some change in the
composition, heat-treatment or surface treatment of the tool and observing the effect on tool life.
This may be satisfactory, but turns out to be a very slow, uncertain and wasteful procedure in the
long run. The machining process involves so many variables that it is more than likely that a new
tool material submitted to two different service tests will produce two different and contradictory
results. Often it is impossible to test a sufficient number of tools to be sure of any differences
between two materials, because of the large amount of scatter in tool life figures.
An alternative approach open to the tool manufacturers is to carry out research into the machining
process, to try to discover what properties are required of a good tool material, then to search for
possible materials or treatment in which these properties are improved. Also to try to get behind the
facade constituted by the term ‘‘machinability’’ and find what properties of the metal contribute to
this “ability”. (How much progress would have been made in new materials for gas turbine discs if
they were assessed by a single figure, based on the time to failure and termed an index of “discability”?) In considering the metallurgy of metal cutting it is proposed to approach this subject by
going more deeply into the properties required of a tool material.
Hardness
In order to function efficiently, a cutting tool must maintain its initial shape with only slight
alteration over long periods of time whilst subjected to high compressive and shear stresses, high
temperatures, impact loading and other conditions all likely to alter the shape. The first and most
obvious property required of a tool material is a rigidity, or capacity for maintaining its shape when
subjected to highly localised stresses near the cutting edge, stresses which in the main are
compressive. Hardness, as measured for example by the Vickers machine, is a useful measure of
this property and it is clear that the tool must be harder than the material to be cut since the tool
must remain rigid while the work material is severely deformed. Just how much harder the tool
must be is something which has yet to be systematically investigated, but the difference in hardness
must be considerable. For example, according to Tabor 5 the hardness of a spherical indenter must be
two-and-a-half times that of the surface against which it is. pressed to avoid plastic deformation of
the indenter.
It does not follow, however, that because a certain minimum hardness is required, hardness is
therefore the only significant practical requirement of a cutting tool or that the higher the hardness
the better the cutting tool. It is important from a practical point of view to realise that an increase in
tool life will not necessarily follow the introduction of a harder tool material. This is because a
number of other conditions, not measured in the hardness test, exist at the cutting edge of a tool.
The most obvious condition is high temperatures. The horsepower used in cutting is turned into heat
at the point of the tool and the temperature near the cutting edge of the tool is raised and increases
with the speed of cutting. It has long been recognised that hardness at high temperatures is more
significant than room temperature hardness for a cutting tool material. The room temperature
hardness of many carbon tool steels is higher than that of the 18-4-1 high speed steels when fully
heat-treated, but the ability of the alloy steels to retain their hardness up to a red heat is responsible
for their ability to cut steel at several times the maximum cutting speed of the unalloyed tools. The
further improved performance achieved by the cobalt-based alloys of the “Stellite” type is

attributable to their retention of hardness to still higher temperatures, although their room
temperature hardness may be lower than that of high-speed steel.

Toughness
Materials of high hardness and high melting points are clearly potential tool materials and the
carbides and other interstitial compounds of some of the transition metals have been natural targets
for investigation because they possess these properties to a marked degree. Attempts to use one of
these - tungsten carbide - in the cast form as a cutting tool, however, failed in a way which
illustrates a further quality required of a cutting tool. The tools were too liable to fracture in service.
There are many materials with high melting points, harder than steel, but few of them are successful
as cutting tools because they lack toughness.
Although toughness is an essential property of tools, there is no generally recognised method of
measuring it in this class of material. It is generally defined as a combination of strength and
ductility and for a ductile metal can be related to the area under the stress strain curve in a tensile
test. But with tool materials the elongation in the tensile test is extremely small, so that the area
under the stress strain curve is small in all cases and nearly proportional to the maximum strength
for materials of equal Young’s modulus. In the case of cemented carbide tools, the most accurate
methods of alignment and measurement of strain are necessary to measure the departure of the
stress strain curves from linearity.6 For cemented carbides, therefore, any attempt at measuring
ductility is usually abandoned and the maximum stress in bending is often used instead as an
indication of toughness. However, the scatter in test results in transverse rupture tests on cemented
carbides is large, and the difference in strength between alloys of different cobalt contents is
relatively small, so that this test is quite inadequate to represent the very large differences in
toughness found in practice. Compression tests are more satisfactory. Much more plastic
deformation occurs in a compression test before fracture if loading is accurately axial, but thedifficulty of testing is great, particularly if accurate strain-measurement is required.
Attempts have, therefore, been made to measure the amount of local deformation or the amount of
work done before cracks appear in a hardness test 7,8 and this shows some prospects of success as a
measure of toughness for cemented carbides. The stress system in a hardness test approaches much
more closely the conditions existing when the cutting edge of a tool, subjected to local stress from
the impact of swarf or other material, is fractured, as shown in Fig. 1. Very high local stresses are
set up at points of contact and it is the ability of the tool material to deform locally without fracture

and spread or cushion the load that constitutes toughness. The development of a generally accepted
test for toughness would be most useful to makers and users of tool materials.
Cast tungsten carbide has a structure consisting mainly of a eutectic between WC and W 2C having a
hardness in the region of 2000 V.P.N. It failed as a cutting tool because it lacked the ability to
absorb the local stresses near the cutting edge which are inherent in most workshop practice. It was
at Osrams in Germany where the techniques of handling tungsten powder were well developed, that
Schröter was able to take the step which enabled a body consisting mainly of tungsten carbides to
be imbued with sufficient toughness so that advantage could be taken of the hardness of the carbide
without undue risk of fracture in service. This was done by sintering compacts of tungsten carbide
powder mixed with a small percentage of iron, nickel or cobalt.
Such alloys have a hardness ranging from 900 to 1900 V.P.N. and a peculiar combination of
properties making them most suitable for cutting tools. Research on the cemented carbides is
gradually catching up with practice and is showing how the small percentage of metal present
allows relative movement of the carbide grains without fracture, 9 but there is much yet to explain.
There is as yet no clear understanding of why the singular combination of tungsten carbide (WC)
with the metal cobalt is so much superior to all other alloys of interstitial carbides with metals of the
iron group in respect of toughness. For the purpose of resisting specific forms of wear, other
carbides are added to cutting tool materials in small proportions, but it would be safe to estimate
that as much as 80% of the weight of all cemented carbide tools used to-day, after thirty-five years’
practical experience, consists of the carbide WC, and for practical purposes no binder metal other
than cobalt is used.
New and harder tool materials are constantly being sought and tried out. Oxide tools based on finegrained sintered aluminium oxide are in service and some progress has been made in adapting the
conditions of use to this material, which is weaker and less tough but, under many conditions, more
wear resistant than the cemented carbides. Borides, carbides and nitrides of other elements have all
been explored, but the real prize is to be gained, not in the search for harder materials but in an
understanding of the ways in which additional toughness can be imparted to hard materials already
known.
Wear Resistance
The relationship between the hardness of the tool and the ability of the tool to withstand the stresses
and temperatures involved in metal cutting has already been mentioned. It is necessary to separate
this relationship from another equally important, and that is the relationship between hardness of the
tool and the rate of wear. It is true that there is a general tendency for wear resistance to increase
with hardness, but there are many factors other than hardness which enter into wear resistance and it
is quite incorrect to assume, as is often done, that because one tool is harder than another it will be
more wear resistant.
The problem of tool wear is one aspect of the problem of machining where the metallurgist can be
of most assistance because he can investigate tool wear as a problem of metal failure, while the
engineer tends to over-simplify the problem in order to obtain a numerical figure which can be
entered into an equation.
Thus, after a series of tool tests the engineer is left with a table of figures of the number of
components machined per regrind, or data of the amount of metal removed for a definite amount of
wear, some particular conditions being selected to give a form of wear readily measurable, other
conditions and forms of wear being ignored. He is left with figures which are significant only for
the specific conditions used and are difficult to fit into any general pattern or theory. Many apparent

contradictions result, and knowledge of machining consists largely of a tremendous mass of uncoordinated facts somewhat spiced with fiction.
By metallurgical investigation it is possible to show that tool life is controlled by a number of
different processes and, in the light of this knowledge, much apparently contradictory evidence falls
into a reasonable pattern of behaviour. Studies of tool wear have been carried out for several years
and have thrown considerable light on the factors affecting the life of carbide tools used for cutting
ferrous metals and on the meaning of machinability. Some of this work has already been published
in engineering periodicals10,11,12 but, as it is of considerable metallurgical interest, a number of the
features will be described here.
An enormous variety of conditions exist in all the machining operations carried out in industry, but
the essential feature of almost all tools is the wedge which is driven asymmetrically into the metal
to produce “chips” or “swarf”. It is customary to picture this operation diagrammatically as shown
in Fig. 2.

Wear of the tool takes place essentially at two positions - on the flank surface a wear land is
generated, where the tool and work are in contact from B to A, and on the rake surface where the
chip or swarf bears on the tool from B to C. These surfaces are inaccessible to visual observation
during the cutting process, but knowledge of the conditions existing here can be obtained from force
and temperature measurements and examination of the worn surfaces of the tool. The force normal
to the rake face is commonly of the order of hundreds of pounds and the pressure on this face of the
tool is measured in hundreds of thousands of pounds per square inch. The temperature at any
position on the wearing surfaces is not known precisely, but it can reach 1000°C. or higher when
cutting at high speeds with carbide tools. The temperature gradients in the tool are very steep and
very rapid fluctuations in temperature occur. New metal surfaces are constantly being generated,
surfaces which are likely to come in contact with the tool in a very reactive condition before any
oxide films can be formed.
Flank Wear
It is necessary to investigate the wear on the flank separately from that on the rake surface of the
tool. In a well-used tool a wear land is generated on the tool flank and this is steadily deepened until
the tool is ready for regrinding when the wear reaches a depth of 0.030 in., or less in some cases.
With cemented carbide tools it is possible to examine this wear land up to high magnification under
the microscope and it can be seen that at least two types of wear are involved—one in which whole
grains of carbide are torn away leaving a rough surface on a microscopic scale, and one in which
the carbide grains are smoothly worn through.

Most worn flank surfaces show both processes operating simultaneously, but the tearing process is
predominant at low cutting speeds, while the smooth wearing through of carbide grains becomes
more important at high speeds. Most worn flank surfaces are lightly grooved and scratched in the
direction of movement of the work material, and there are several possible wear processes by which
the smooth surfaces could be generated. They could be the result of a ploughing action by hard
particles either in the work material or detached from the edge of the tool, or they could result from
diffusion into the work material of atoms of the tool metal which would then be swept away on the
work surface.
Some support is given to the theory that diffusion may be responsible for much of the smooth form
of wear by some very interesting experimental work carried out in the laboratories of the
Technische Hochschule4 at Aachen. The thermal emf between tool and workpiece has been used to
measure the temperature of the tool near the cutting edge, but in experiments at Aachen a counter
emf was applied to the tool and this was stated to have led to a very marked reduction in the rate of
wear on the tool flank. The explanation offered for this was that, although the emf involved is small,
because of the steep temperature gradients and low resistance involved, very large electrical
currents circulate, and wear is accelerated by transport of atoms of the tool into the work-piece.
Other experimentalists have failed to confirm the effect of compensating voltages on tool wear, but
this ingenious theory deserves further investigation.
While the transfer of material involved in the smooth form of wear on the flank of tools may take
place by a process of diffusion from tool to work material, this is not to say that the rate of diffusion
is the controlling factor in determining the rate of wear. It may be that the slower rate of flank wear
of titanium carbide compared with tungsten carbide (when cutting some steels at high speeds) is
related to the much lower solubility of TiC in iron, but this does not account for the very large
differences in rate of wear on the same tool material which are frequently found when machining
materials of nominally the same specification. In a series of short-time tool tests on a number of
different ferrous work materials, the elements having the greatest effect on the rate of flank wear
were sulphur (and probably lead) which decreased the rate of flank wear greatly and nickel, when
present in sufficient quantity to form austenite, which greatly increased the flank wear.
As a working hypothesis for research into tool wear the author has suggested 10 that there are
complex patterns of metal flow and of temperature around the cutting edge of tools and that the
controlling factor regulating the types and rates of wear is the detail of these patterns. Elements
such as sulphur and nickel, which have a large influence on the rate of wear, exert this effect
indirectly by altering the flow pattern, nickel by forming austenite and sulphur by forming
manganese sulphide, acting as an “internal lubricant”. Studies of the effect of changes in
composition and heat treatment on machinability should include investigation of the effect these
changes have on the flow patterns.
When cutting with carbon or high-speed steels the maximum rate of metal removal when cutting
steel is frequently determined by the ability of the tool to resist the stresses tending to deform it, as
has already been mentioned. If the speed or feed rate is too high the cutting edge tends to collapse,
and the rate of flank wear increases very greatly, particularly at the nose of the tool. This factor
influencing tool life at high speeds and feeds is also of importance when cutting the harder steels
with cemented carbide tools and where it is encountered the best results can be obtained with the
hardest carbide tools, but deformation of the tool is not normally the factor determining the
maximum rate of metal removal for the steels of lower hardness.
With these steels the maximum practical speed may be that at which a form of wear known as
cratering causes collapse of the tool in a short period.

Cratering
When tungsten carbide-cobalt alloys were first introduced as cutting tools they were found to be
very satisfactory for cutting cast iron, but not so useful in steel cutting. When they are used for
cutting steel at high speed a groove or crater is worn on the rake face of the tool in the position
shown by the dotted line between C and D in Fig. 2, and this becomes rapidly deeper with time and
ultimately results in tool failure. A metallurgical solution to this problem was achieved by the
addition to the tool alloy of either TaC or TiC in relatively small proportions. Any addition of
another carbide to the WC-Co alloys decreases their toughness, and therefore the addition of TiC or
TaC is normally limited to the minimum required to make unimportant the cratering type of wear.
No more than 5°% to 20% TiC is required to prevent cratering almost completely. The study of this
form of wear and its prevention is of particular metallurgical interest.
The TiC added has an effect on the structure of the alloy out of proportion to the amount added.
Having a much lower specific gravity than tungsten carbide (S.G. 15.68), the titanium carbide (S.G.
4.91) occupies a much larger percentage by volume than by weight of the whole alloy. But the
pseudo binary system WC-TiC is abnormal in that, while there is no measurable solubility of TiC in
WC, a saturated solution of WC in TiC contains 70% WC at 1500°C increasing to over 90% at
2400°C. Thus, in a cemented carbide with 7% Co, 12% TiC and 81% WC approximately half the
volume is filled with the TiC based solid solution, which is known as the “mixed crystal” phase. In
alloys with more than 20% TiC there is little or no free tungsten carbide.
The worn crater surfaces are unexpectedly simple to study under the microscope. In most cases
when the tool is withdrawn from the cut, thin layers of steel are left behind covering most of the
worn surface. The rake surface of the tool can be lapped and polished with diamond dust to form a
taper section at an acute angle through the worn surface, the edge being protected by the steel layer
adhering, which also preserves a frozen image of the conditions existing on this worn surface during
the cutting operation. Much can be learnt concerning this interface, by studying these sections under
the microscope.

Fig. 3 shows a crater formed on a tungsten carbide-cobalt alloy tool used for cutting a low alloy
steel for 36 sec. at a cutting speed of 300 ft./min. and a feed of 0.021 in./rev. ‘The adhering steel
films can be seen in the crater. Fig. 4 is a section through these films near the position where the
swarf breaks contact with the tool in the region outlined in Fig. 3. The steel layers cover most of the
surface at this position.

Fig. 5 shows part of this area at high magnification. Two features are outstanding - first that the
steel is in perfect contact with the carbide surface at the highest magnification obtainable with an
optical microscope on a taper section, and second that the tungsten carbide grains seem smoothly
worn through and not torn out as individual grains or groups of grains.
When a tool alloy containing 15° titanium carbide was used for cutting the same steel under the
same conditions for 3.5 min., the wear on the rake surface was very slight, as shown in Fig. 6. A
polished section through this surface again shows steel layers adhering and at high magnification
the interface between steel and carbide is as shown in Fig. 7. Here again the contact between steel
and carbide is practically continuous. Unlike the tungsten carbide tool, however, the surface is very
rough on a micro-scale. The “mixed crystal” grains are those which are darker and rounded and
these have resisted the action of the steel while the tungsten carbide has been worn away from
between them.

An explanation of the different resistance to cratering wear of these two carbides has been found as
a result of investigations into two other cases involving friction between carbide and steel at high
speeds. The first of these involves observations of tungsten carbide cores of armour piercing
projectiles embedded in armour plates. Splashes of molten metal found on the fractured surfaces of
such cores were shown by analysis to contain mainly tungsten, cobalt and iron. Fig. 8 shows a
section through an interface between the armour plate and the carbide. Quite a thick layer, which
had been fused, separates the two bodies, while large tungsten carbide grains are partially dissolved
in the fused layer with their corners rounded by solution. The heat of friction had been sufficient to
fuse an alloy between the tungsten carbide and the steel, and the fused layers were thick enough to
be observed microscopically.

In a second investigation, the cause of failure of an experimental plain bearing was being sought.
This consisted of a steel inner part and an outer sleeve of a cemented carbide containing 8% cobalt
and 15% titanium carbide, the balance being tungsten carbide. This had seized very suddenly when
running at 4250 ft./min. The carbide sleeve had broken into many fragments, but part of the carbide
was left welded in two bands to the steel inner sleeve. Sections through this surface showed the very
interesting condition shown in Fig. 9.
At the top can be seen the unaltered carbide alloy and at the bottom the steel, which had been heated
by friction at this position well above its critical point and rapidly cooled. Between the carbide and
the steel is a layer with a structure too fine to be resolved at the highest magnification available.
This layer had been fused since it was partially squeezed out in places from between steel and

carbide surfaces. In the unaltered carbide at the top of Fig. 9 are visible both WC grains and grains
of the TiC solid solution. Embedded in the steel are numerous carbide grains, but all of these are of
the TiC solid solution, while the WC grains associated with these have disappeared.
It was concluded that the temperature had been high enough for fusion to occur between the WC
and the steel, but the TiC based solid solution was remarkably resistant to attack by the steel at high
temperatures. In this case, as in the case of the armour piercing projectiles, the surface speeds
involved were greater than those normally encountered in machining, and fused layers thick enough
for microscopical examination were produced. The evidence from these cases taken together with
the photomicrographs of worn tools strongly supports the theory that cratering wear on tungsten
carbide tools is a result of solution of tungsten carbide in the steel at high temperature, while the
protective effect of titanium carbide results from the resistance of this phase to solution by steel at
high temperature.
To investigate the reaction between steel and carbide, pieces of carbide were heated on steel in
vacuo. Very little reaction took place until a temperature of 1300°C. was reached, when fusion
occurred at the interface and reaction became very rapid. Over 1300°C., in a very short time, a test
piece of a tungsten carbide cobalt alloy sank into the steel and was itself swollen as cobalt, tungsten
and carbon diffused into the steel, and iron diffused into the cemented carbide.
A cemented carbide test piece containing 15% titanium carbide heated on steel also reacted at
temperatures over 1300°C. Tungsten, carbon and cobalt diffused into the steel to produce a fused
zone into which the carbide sank slightly, and iron diffused into the carbide, but the extent of this
action was limited by the presence of the grains of the titanium carbide based solid solution, which
were practically unattacked and formed a semi-permeable barrier.

Fig 10 shows a microsection through the carbide at the limit of penetration of the iron. At the left
grains of both the tungsten carbide and the titanium carbide solid solution can be seen, but at the
right the tungsten carbide grains have been taken into solution.
The temperature at which this reaction takes place is that which would be predicted from the
thermal equilibrium diagrams. Many of the interstitial carbides form eutectics with iron, nickel and
cobalt with melting points near 1300°C. This is true both of tungsten carbide and cobalt and of
titanium carbide and cobalt. A liquid phase is present in all cemented carbides when heated over
1300°C. The preferential reaction between steel and tungsten carbide is, therefore, probably not
related to the melting point of the eutectic. It is more likely that it is associated with the relative

solubility of the carbides in the metal phase. The thermal equilibrium diagrams show that nearly 40°
by weight of tungsten carbide is soluble in liquid cobalt at the eutectic temperature, while the figure
for titanium carbide is approximately 5%". Edwards and Raine have shown that the solid solubility
of WC and TiC in iron, nickel and cobalt also varies greatly.

In the case of cratering wear on cutting tools no direct evidence was obtained that the melting point
of the eutectic is reached at the interface, although, from the evidence of the armour piercing
projectiles and the seized bearing, it seems probable that such temperatures are achieved even if
only locally for very short periods of time. It is possible that the wear results from a process of solid
diffusion at temperatures approaching the eutectic temperature.
This investigation of the process of cratering wear when cutting steel at high speed with carbide
tools is of interest in a number of respects. First, it reveals the existence of an unusual form of wear
resulting from exceptionally high temperatures at the interface and controlled by diffusion and
possibly local fusion. Secondly, it suggests that the essential property required to resist this form of
wear is low solubility of the tool material in the work material at high temperature.
Thirdly, it gives some evidence of the temperature and temperature gradients existing at the
interface during the cutting process. The crater starts at some definite distance from the cutting edge
– as shown in Figs. 2 and 3. ‘This suggests that the temperature at the interface increases rapidly as
the chip moves over the surface. This is in agreement with mathematical analysis showing the
theoretical temperature distribution, but the actual temperatures suggested by the metallurgical
analysis are higher than those predicted by most mathematical methods or measured by tool-work
thermocouples.
Finally, the microsections such as those in Figs. 5 and 7 show that welding between the tool and
work surfaces is complete over a large proportion of the area of apparent contact. Under most
normal conditions of friction two surfaces make actual contact at only a very small proportion of the
apparent area of contact - only the high spots or asperities on the surfaces being in contact while the
‘‘valleys” between are separated by a gap. It is this physical condition which gives rise to the
normal laws of friction and makes boundary lubrication possible. With carbide tools cutting steel at
high speeds almost the whole of the two surfaces may be in actual contact, not only the high spots
as shown in Fig. 7.

These are, in fact, conditions of seizure, where, in mechanisms such as bearings, motion ceases. In
metal cutting the stress system is such that motion continues under conditions of complete welding
of the two surfaces and examination of worn tools shows that this is in fact a normal condition in
high-speed cutting. Under normal friction conditions the work done in overcoming friction results
largely from the shearing of the metallic junctions formed at the small areas of actual contact and
the coefficient of friction, as a constant ratio of tangential to normal force, arises from, this
condition. In high-speed metal cutting a constant ratio of tangential to normal force cannot be
expected and the work required to overcome friction is that required to shear the work material in a
zone close to, but not necessarily immediately adjacent to the tool surface. The force required will
depend on the shear strength of the work material at the temperature of this zone of shear near the
tool surface at the very high rates of shear encountered in high-speed cutting.
That high temperatures are achieved in this zone of shear, which passes off to form a thin layer of
the order of 0.0005 in. thick on the smooth under-side of the swarf, has been shown by evidence
given by Opitz and Ostermann.16 They made extraction replicas of the carbides from the surface of
steel swarf cut at 460 ft./min. Examination by X-ray diffraction showed that the carbide was Fe 3C
and therefore that this surface layer must have been heated above the critical point during the
machining process. Since solution of the Fe 3C must have occurred during the very short heating
period it is probable that the temperature reached was well above the critical point.
Therefore, it is not only the shear strength of the work material at room temperature, but also the
rate at which its shear strength drops off with increasing temperature which must influence the work
done and the temperature achieved near the cutting edge. A by-product of this investigation of
cratering wear is, therefore, the conclusion that the machinability of materials should be related to
their high temperature strength. This may be responsible for some of the difficulty in machining the
newer high temperature materials whose shear strength at room temperature is not unusually high,
but which maintain their strength to a very high temperature.
The Built-Up-Edge
Frequently, when cutting metals with carbide or steel tools, fragments of the work material adhere
to the tool at the cutting edge and may remain in position after the tool is withdrawn from the cut.
This occurs most frequently at relatively low cutting speeds and feed rates. The size, shape and
structure of the “built-up-edge” vary not only with the cutting conditions but also with the tool and
work materials. The extensive welding of the work material to the tool, which has been
demonstrated, make it possible for the shearing action involved when the swarf moves over the tool
surface to take place at some distance from the tool surface, leaving a small body of “dead metal”
attached to the tool. Two of the factors which influence this built-up-edge are the strength of the
weld and the mechanical properties of the work material, which control the pattern of flow around
the cutting edge. For example, the strength of the bond formed between tungsten carbide-cobalt
tools and steel or cast iron is considerably greater than with tools containing much titanium carbide.
For this reason, the built-up-edge is more adherent and persists to higher cutting speeds with the
former tools.
The built-up-edge may be an advantage or a disadvantage in respect of tool life. When cutting cast
iron with carbide tools, for example, conditions are normally used under which a built-up-edge is
formed. Its presence can greatly reduce the rate of wear on the tool, and the introduction of titanium
carbide, by reducing this built-up-edge, has the effect of increasing the rate of tool wear. On the
other hand, when cutting steel, the presence of a built-up-edge is more often harmful than
beneficial. Particularly when cutting is intermittent, the adhering work material may be frequently
dislodged tearing away with it relatively large fragments of the tool material and leading to rapid

destruction of the tool. Under these conditions the weakening of the weld by the addition of
titanium carbide may be an advantage.
In practice, tool life may be controlled by any of the wear processes or conditions described, and
there are others which have not been dealt with here. Tool life is the resultant of a number of
different processes and to understand the factors controlling it, it is necessary to make a separate
study of flank wear, cratering, the built-up-edge, etc. As a first step in such a programme, an
extensive series of short time cutting tests has been carried out on a variety of work materials, using
cemented carbide tools’. The tools were carefully examined after use and the occurrence of the
different forms and conditions of wear was noted. The results of these tests, plotted on charts,
whose co-ordinates were cutting speed and feed rate, show the conditions under which each of these
forms of wear occurs with different combinations of cutting tool and work material. In this way a
large amount of information on tool wear and machinability can be summarised and ordered and
these charts can be of considerable use in the practical application of carbide tools.
Conclusion
The study of the metallurgy of metal cutting is in its early stages. It is obviously complex because
of the enormous number of variables met with in practical machining operations. It cannot be
expected that one or two simple rules can be devised to solve all the problems which arise, but it is
clear that metallurgical investigations can play an important role in development and selection of
tool materials, in devising means for combating specific forms of wear and deterioration and
prolonging tool life, in discovering the properties which control machinability and in supplementing
the work of the engineering investigations into the mechanics of metal cutting,
This Paper is intended to point to the advantages which could result from a combined attack by
engineer and metallurgist on the problems of machining.
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THE WELDING OF COPPER.
Mr. H. Martin.
(Paper read before the Co-ordinated Societies at the University, Edmund Street, Birmingham, on
15th. December 1932, Mr. W. E. Ballard in the chair, and some fifty person present)
Welding as a means of joining together components made of copper and to effect repairs on that
metal is now in fairly common use, but at the same time there are a number of people who, as result
of disappointing experiences in the past have adhered to older method. Many of these unfortunate
experiences can be traced to lack of suitable materials, technique, or patience, and as is the case
with all highly skilled trades, one finds a conservatism among coppersmiths which does not
encourage fresh methods of working unless the newer process has been thoroughly tried out and
found to be either more economical or serviceable by competitors. Economic conditions are or
course largely responsible, but it is fortunate for the sake of progress that there are those who take
the long view and fit themselves out to meet modem requirements.
The weld is the form of joint which approaches most nearly to the characteristics of the unbroken
sheet, and while it is not claimed to be perfect in every respect, it is possible to secure such a degree
of efficiency that the junction can be detected only with difficulty. Welding cannot always be put
forward as a cheaper method than the old, except in those cases where its great efficiency can be
taken full advantage of in the design of the article, or where the alternative. method is unduly slow.
There are, however, other considerations to be borne in mind, and the demands of the chemical,
dyeing and brewing industries often require containers manufactured from copper throughout, and
the presence of spelter or solder at the joints, would be undesirable. It is often important for the
prevention of corrosion that the interior of the vessel should offer an unbroken surface, and the
presence of air pockets, such as would be found along a folded seam, should be eliminated.
Riveting on copper work is not extensively used, mainly because of the difficulty of caulking the
joints owing to the softness of the metal, especially on substances below ⅜in thick, and even were it
possible to do so, a caulked joint could not he considered satisfactory under corrosive conditions of
service, and in many cases the rivet heads and laps would impede cleaning out after use.
Considerable economics have been effected in the adoption of welding in the place of riveting in the
fabrication of steel tanks and it is reasonable to suppose that the same advantages will apply to the
welding of copper. In many cases too, if the total cost of preparing a joint is taken into
consideration, it is found that welding is much cheaper. The economies which may be effected by
welling are, as with any other workshop process, largely a question of correct routine and technique,
and as this is not a meeting of operative. welders, 1 do not propose detaining you with a recital of
details of procedure, but would refer those interested to the handbooks which are now on the
market,
To obtain welds in copper with the highest possible physical properties together with maximum
resistance to corrosion, it is necessary to use the most suitable material, although it is possible to
make welds which may meet less stringent requirements on ordinary commercial grades of base
metal providing a suitable filer rod is used and. proper methods employed. Practically every metal
is made in various grades to suit the processes of manufacture, as well as to meet conditions of use,
Welding quality steel is commonly specified and as slight modification in copper sheets renders
them more suitable for welding than the “tough pitch" grade in common use. There is no new
principle involved in the use of welding quality copper. This material, or, as it is more commonly
termed, deoxidised copper, was manufacture for many years before is application for welding
purposes, mainly in the form of tubes, and as its name implies, all traces of copper oxide are
removed, as far as is commercially practicable before rolling. Although the percentage of oxygen is
usually below 0.10% in tough pitch copper, it is sufficient t cause serious trouble for the welder, but

for any other process not requiring the metal to be remelted it is in no way detrimental. The cuprous
oxide is distributed fairly evenly throughout the material in the form of globules which segregate
along the grain boundaries on cooling after remelting and is to some extent reduced by the partly
burned gas of the acetylene flame, leaving voids and weakness at the crystal boundaries. Various
copper bearing solders at copper alloys for brazing have been devised in order that joins. resembling
welds an outward appearance could be made without actually melting the base metal, but they offer
few advantages over ordinary soldering or brazing with brass spelter. To effect a true weld the base
metal must be melted, so a deoxidised material will offer definite advantages and if traces of the
deoxidiser are left in the metal, any tendency to oxidation daring the welding process will be
corrected automatically and will protect the vessel from the effects of furnace gases in service after
completion.
Phosphorus is at the present time most commonly used as the deoxidising agent, as its oxide is
volatile and easily disposed of. Whilst it is claimed that complete deoxidation can be effected with a
residual phosphorus as low as 0.001% and though in those cases where electrical conductivity is
important, this would be extremely useful, for all ordinary purposes 0.05% phosphorus in the base
metal is probably the most satisfactory. On the other hand, I have encountered grades of so-called
welding quality copper which had a residual phosphorus content, but under the action of the blow
pipe, it was evident that oxide was also present.
The claim made for various uses for copper welding, usually having fairly high phosphorus content
with the intention of deoxidising the weld metal whilst it is in the molten state, are usually rather
overstated as their use will not prevent the intercrystalline film of cuprous oxide and consequent
weakness in the base metal alongside the weld. Their use is unpleasant and possibly dangerous to
health. If suitable base metal and filler rods are employed, the only fluxing necessary is a coating on
the base metal to prevent the formation of oxide scale on heating in air and to act as a solvent for
any surface oxide formed during welding, It must be sufficiently fluid at welding temperature to
flow evenly over the surface, and of high volatilising point.
The use of alloy filler rods of considerably lower melting point than the base meal is not
recommended, as there is a high danger of adhesion instead of true welding due to the highly fluid
weld metal running forward ahead of the crater, although to ensure good penetration without
necessarily prolonging the time of heating a slightly lower melting point is desirable. An alloy of
05% sliver and deoxidised copper has been proved the most satisfactory, coated with a deoxidising
powder consisting of magnesium, silicon and other elements. Whilst it is quite possible for skilled
workmen to make good welds with the bare rod, the coating is of considerable assistance to
operators who are less experienced, or do not get continuous practice.
A practical instance shewing the value of the deoxidising powder coating on the rod was
experienced at a works some time ago when a competent acetylene welder who was quite good on
other metals was allowed to practice on pieces of scrap deoxidised copper with a bare rod of silver
copper alloy for three weeks; at the conclusion of this period tests were taken, and while some
results were quite good, they were erratic. A man who had never held a blowpipe in his band was
then given 14 days similar practice with coated rods and the tests were very good and remarkably
consistent. As few coppersmith shops have sufficient welding work to keep a man fully occupied,
and it is well known that welders who do not get continuous practice lose some of their skill, it
would be to their advantage to use rods of this description, and the coating will not hinder, but
rather assist the highly skilled ‘operator.
It is occasionally necessary to weld steel flanges on to copper steam pipes, or to connect steel
jackets o copper pans or vessels. This work can be quite easily done, especially if, as is usually the
case, the steel is thicker than the copper. In the case of the pipe flanges, the face side of the flange is

countersunk to an angle of not less than 60o in the bore to the required depth, usually about 1½
times the thickness of the pipe wall, the pipe inserted, both steel flange and copper pipe being
coated with liquid flux before assembly, and welding carried out in the usual way, the greater
thickness of the steel flange compensating for the difference in the amount of heat required to melt
the two metals. The weld could, if desired, be but up above the level of the face of the flange to
form a jointing surface, in which case it would be advisable to allow to allow the pipe to project
through the flange for the distance required. There should be no need to weld the back of the flange,
but if this is demanded a collar flange should be employed. The filler rod can be melted on to steel
articles to copper surface them, and if the deposit is hammered to relieve stresses during deposition,
a fairly thick layer can be deposited. I have not yet come across anyone who has attempted this
operation on large areas. The junction between the weld metal and the copper is a typical weld, but
that between copper deposit and steel is more like a braze. Although the steel is actually melted, the
junction is quite sharp and distinct under the microscope. Test fractures usually show the failure in
the copper deposit
Welded articles should be planished along the area which has been heated, after dressing off most of
the excessive weld metal. As the metal is obviously in the annealed state, tensile tests results on "as
welded" specimens shew a complete absence of yield point, the metal stretching as soon as the load
is applied. Hammering will harden up the material and give it a yield point of about 9 tons per sq.in.
Because of the cast annealed structure of the weld, unhammered samples have a ultimate strength of
about 13.5-14 tons/sq. in. which can be raised to nearly 15 tons/sq. in. by hammering, with an
elongation of 25% over 6in gauge points.
Repair Work.
It is desirable on occasions to carry out welding repairs to vessels made of tough pitch copper, and
in view of what has already been said, there should no need for me to emphasise the fact that perfect
welds are not obtainable. Welds sufficiently good for the purpose can he made in many cases if the
base metal has not been seriously damaged in use by flame action, etc., and as a rule such a weld is
a better repair than any other method which could be applied. A rather different procedure is
necessary, since if the usual welding procedure is followed, the base metal suffers from the cuprous
oxide network and is weak at the weld junction. Steam bubbles are also present in the base metal
after welding. To minimise as much as possible these effects it is advisable to deposit the filler rod
metal on to the base metal before actually fusing the latter. Owing to the lower melting point of the
copper silver alloy it is possible to deposit a short bead of weld metal which has a junction not
unlike a braze in that the added metal only has reached melting point. The torch is then brought
back to the commencement of the bead and the base metal is brought up to fusion point through the
added metal, which effectively protects the base meta from the flame.
A photomicrograph of such a weld shews oxide globules, and voids due to volatilisation of arsenic
and oxide reduction, but the oxide network is not so continuous as in a weld made by the normal
procedure. The voids would be improved by hammering the weld. The procedure is therefore to
deposit about an inch of weld metal and then return to the commencement to complete the weld,
this series of operations, being progressively executed along the seam to be welded. I first
successfully employed this method about 14 years ago, to repair a cracked flange on a firebox tube
plate, after several unsuccessful attempts by orthodox methods.
About a year ago I built up the landing edge of a loco firebox round the fire-hole ring, depositing a
wedge-shaped strip about 14in long ⅜in thick at the outside or caulking edge, and tapering to
nothing about 1in, back. The weld was hammered hot to break up the large crystal structure caused
by welding, and to relieve contractual stresses.

The building up of worn or corroded landing edges of copper firebox plates, does not offer a lot of
difficulty to the welder, as the parts are more or less free to expand and contract, providing
sufficient rivets are removed near to the part being repaired, and especially if the part can be
supported from the back and hammered during welding. The hammering not only improves the
structure but gives a smooth finish to the repair.
Cracks in the flanges from rivet holes to the plate edge should be cut out to an angle of 90 o with a
gap at the bottom of not less than 1/16in. and each layer of metal hammered whilst hot. It is not
necessary to fill up the rivet holes with weld metal, providing the weld is carried well into it and the
surplus metal cut-away or drilled out on completion. Welding in an overhead. position offers so
many difficulties to the oxyacetylene welder, that on such a metal as copper where these difficulties
are accentuated, it is considered impossible. Reinforcing on a vertical plane, is not unduly difficult
if the area of the base metal which is molten at one time is kept small. Where possible, the runs of
weld metal should be made from left to right in a horizontal direction, to form a ledge for
succeeding runs to be deposited upon.
The acetylene torch is undoubtedly a very suitable method of applying heat for welding, its
portability and the fact that in most workshops where metals are handled, it is usually to be found,
together with operators skilled in its use, ensures that as far as one can see it will never be entirely
superseded by any other process, particularly on lightweight sheet work. My own experiences,
however, using large torches on thick material, particularly copper, have compelled me to take more
than a passing interest in other processes, with the view to, obtaining higher welding speeds and
economy, and some consideration in personal comfort tor the operator. Following the. trend of
developments in mild steel welding where the electric metallic arc has made such rapid strides in
material over ⅛in thick, one not unnaturally enquires it that process would offer any advantages
over gas welding on copper.
The biggest advantage the metal arc has to offer is probably its great concentration of heat, which
would appear at first to be of considerable assistance on such a metal as copper, but unfortunately
the thermal conductivity of copper is so great that it is almost impossible to melt the base metal
quickly enough to keep pace with the melting of the electrode, so some external means of
preheating the work is necessary. In the case of small compact job, this can be satisfactorily done by
heating the whole job in a muffle furnace before commencing to weld. But on larger work a gas
burner or acetylene torch is played on the parent metal just ahead of the welder. It is necessary to
avoid spluttering, to effect stability of the arc, and to employ coated electrodes; and experience has
shewn that a bronze core wire is desirable, the tin functioning as a deoxidiser, so that the deposited
weld metal is of a lower tin content than the filler rod. Unfortunately, some tin remains in the weld,
and in some cases this is undesirable. The resultant welds are not as good as those obtained with the
oxyacetylene flame, and in view of the fact that the arc offers no advantage when working in an
overhead position on copper, it has not at the moment been used extensively. The fact that the arc is
itself neutral from the point of view of oxidation or reduction leads one to believe that suitably
developed electrodes capable of imparting sufficient heat to the base metal would be more suitable
than the oxyacetylene flame for use on tough pitch copper as reduction of oxide inclusions in the
base metal would be avoided. The question is receiving the attention of electrode manufacturers, but
it does not appear that an early solution of all the difficulties is probable.
The atomic hydrogen arc process, in which an electric arc is used to dissociate the atoms of
hydrogen which give off considerable heat on recombination a short distance away, is of little value
in copper welding, as the hydrogen especially in its atomic state has an affinity for copper and
readily goes into solution in the molten metal, which on cooling releases the gas and is
honeycombed with blowholes. The hydrogen also readily reduces the oxide in tough pitch copper as
it does in the outer envelope of the acetylene flame. Unfortunately, there does not appear to be any

other suitable gas or combination of gases which could be used in this apparatus which would not
have these objectionable properties.
The electric resistance processes are very limited in application in welding copper, the most
extensively used being the butt welding of wires in the cable-making trades, where wires of
comparatively large cross section are welded together to form long lengths, and subsequently drawn
down to the finest wire. Re-annealing and cold work entailed by drawing largely rectify the weld
structure. The high electrical conductivity of copper is the biggest drawback, as these processes
depend to a great extent on the heat produced by the resistance to passage of heavy currents through
the work itself. Trouble is also experienced from the eddy currents produced in sheets when placed
between the arms of a spot or seam welder, which form part of the secondary electrical circuit of the
machine.
The electrical process. which appears to hold the best prospects for development in copper welding
at the moment is the carbon arc, in that the source of heat is independent of the filler rod, and it is
particularly suited to the welding of thick plates which offer so many difficulties to the gas welder.
Probably one reason why little has been done in this direction is that firms who own a suitable
carbon arc welding plant are not interested in copper work, and vice versa, but in these days
of idle plant, there should be little difficulty in bringing the two together.
The carbon arc is probably the oldest of the electrical welding methods and is still extensively
employed an foundries where large masses of metal are handled, generally tor the cutting off of
risers and washing down, and for unimportant welding work. The physical properties of the weld
metal are however not so good as those obtained by the metal arc it steel, probably due to the effects
of the volatilised carton or graphite electrodes on that material. To avoid carbon contamination in
the weld and to secure the maximum heat from the arc at as low a current as possible, the carbon
pencil is held as far as possible away from the work without breaking the arc, the heat generated
being proportional to the energy consumed. The voltage of the arc rises in proportion to its length.
While carbon is undesirable in a copper weld, its effect fs not so marked as is the case with steel.
The carbon arc in air can be considered as oxidising in nature as it is employed for welding. This is
illustrated by the fact that such a weld on steel is fairly heavily coated with oxide on completion.
The fact that the arc is separate from the filler rod enables it to be used for preheating the work, but
care must be exercised on the prevention of local hot spots, and the arc rapidly moved over the
surface of the job where preheating is desired. To ensure ease in maintaining the arc for this
purpose, an open circuit voltage as high as 90 or over is desirable and a current strength of 250/300
amps, but for the actual welding operation this can be reduced to 75 vols at 200 amps for material
½in. thick. The carbon arc is not so stable on copper as it is on iron or steel, but at the pressure and
current mentioned. there is no difficulty in maintaining an arc length of about 2in to 2½in on hot
metal. Electrodes of graphite 9in. long by ½in, diameter tapering down to ¼in. diameter are found
to be the most satisfactory, as the direction of the arc is more easily controlled by the use! of pointed
electrodes, wide blunt ends causing the arc to gyrate.

NON-FERROUS WELDING.
H. W. G. Hignett, Esq.
(Lecture delivered to the Midland Metallurgical Societies at the James Watt Memorial Institute on
February 19th, 1937. W. F. Brazener, Esq., being in the chair and some 50 persons present.)
The choice of a suitable material for a piece of plant depends on the physical and chemical
properties required for an economic length of life. Non-ferrous materials are chosen in preference to
mild. steel, of lower prime cost, where their resistance to corrosion, thermal or electrical
conductivity, or other characteristics outweigh their higher price per pound. It follows, therefore,
that any method of jointing employed must preserve, as far as possible, the properties which are
important. In most cases, welding is the only method which fulfils this requirement: rivetted joints
are subject to crevice corrosion, hinder satisfactory cleaning of a plant, and are dangerous where
bacterial infection is to be avoided; and soldered or brazed joints have insufficient resistance to
corrosion, electrolytic action taking place between the dissimilar joint and parent materials. A weld,
on the other hand, preserves not only metallic continuity but also the chemical composition of the
pieces to be joined. To the greatest possible extent, the physical properties and structure are also
preserved by preparatory treatment of the parent metal and after treatment of the weld.
Welding Methods Available.
Although methods, analogous to the forge-welding of mild steel can be used for aluminium and
nickel, the processes used commercially for non-ferrous welding in this country, are oxy-coal gas,
oxy-hydrogen, oxy-acetylene, carbon arc, metallic arc, atomic hydrogen and electric resistance spot,
seam, butt, and flash welding. The choice of method for a given application is naturally dependent
on the properties of the material. For example, the low melting point, specific and latent heat, and
thermal conductivity of lead make arc welding almost impossible; whilst the high thermal and
electrical conductivity of copper create difficulties in the resistance processes. It is not at present
possible to define the “weldability” of a material in terms of its physical and chemical properties,
since it is governed so largely by the welding technique adopted and the service conditions for
which the joint is destined. Even the dimensions of the pieces to be joined must be considered in
assessing the complex property of weldability; resistance seam welding is possible on thin but not
on thick aluminium, whereas the converse is the case for carbon arc welding. Factors of design may
also be determinative: constraint of the pieces to be joined may cause cracking of hot-short
materials, when welded by the arc, which is avoided by using the less concentrated heat of the oxyacetylene flame.
Gas Welding Processes.
Oxy-coal gas and oxy-hydrogen flames, of temperature less than two-thirds that of oxy-acetylene,
are easier to use than the latter for low melting point materials like lead and aluminium. Low
welding speed, however, produces wide annealing zones, and the large amount of water vapour,
produced as product of combustion, is liable to cause oxidation of the molten metal.
Of all the fuel gases used for welding, acetylene is unique in developing an extremely high
temperature in a zone of the flame which is admirably suited to welding. It is consequently
applicable to nearly every known weldable material and can give excellent results on each. Such
results demand, however, skilled technique and consistently accurate control of the flame
conditions. The former depends largely on the human element, and the latter on the design of
blowpipe and gas regulating valves. Blowpipes may be divided into two main types - injector pipes,

in which the required proportion of acetylene is sucked in by the stream of oxygen passing through
a carefully designed injector, and non-injector pipes, in which the proportion of acetylene is
determined by its pressure, relative to that of the oxygen. Now, although an immense amount of
good work has been carried out with injector blowpipes, they have the serious disadvantage of
requiring continual adjustment to preserve constant flame conditions. It has been found that, with
low pressure acetylene, the heating of the blowpipe and back pressure from the work may cause as
much as 20-30% variation in acetylene consumption.1 On one occasion the writer instructed a
welder to commence a copper weld with excess of acetylene and to complete the seam without
adjusting his flame. At the end of the seam, the flame was definitely oxidizing. There is a large
amount of evidence to show that the most suitable blowpipe for high class work is of the noninjector type, to which the oxygen and acetylene are fed at equal pressure. The control of these
pressures is vital to the correct functioning of the best of blowpipes, and it must be. emphasised that
satisfactory control cannot be obtained from single stage regulators. The equal pressure blowpipes
require a supply of acetylene at pressures up to about 20 lbs. per sq. in. Until recently, such a supply
was only permitted in this country from D.A. cylinders, but a new Order in Council has removed
the anomalies of the old regulations, and permits acetylene to be piped at pressures up to 22½ lbs.
per sq. in. This means that several alternative methods of pressure control may be considered:
multi-stage regulators may be fitted to each welding station (either pipeline or cylinders) or a
control valve may be fitted to a pipe-line system, with sensitive secondary regulators at each station.
There is also the “Frama” system, in which the pressures of the two gases are automatically
equalised by a special double diaphragm valve.
The emphasis laid on the need for accurate flame control may appear excessive, if it is not realised
that flame variation has two very serious consequences: first, the probability of variation becoming
great enough to harm the weld before being noticed by the operator and, secondly, the
psychological effect on the welder whose attention is continually distracted.
The materials commonly welded by the oxy-acetylene process in this country are lead, copper and
its alloys, nickel and its alloys, aluminium and its alloys, zinc alloys and magnesium. Lead presents
few difficulties if extreme cleanliness is observed and requires no flux. A special up and down
movement of the blowpipe is used; lap welds are very popular and are made without the addition of
filler rod. The development of deoxidized copper has greatly simplified the welder’s task with this
metal, but conflicting opinions are still held as to the correct technique to be adopted. The conflicts
would probably not arise if full consideration were given to the varying nature of the factors which
govern technique. It may be admirable practice to hammer one particular seam, in short lengths, as
soon as possible after removal of the blowpipe - this is essential if there is any oxide in the copper,
if the pieces to be welded are heavy and under constraint, or if the contents of arsenic, antimony,
bismuth, or lead exceed certain values. On the other hand, it may be equally good practice, in
another case, to complete the seam before hammering. It is only necessary to bear in mind that the
treatment of a weld in de-oxidized copper should not encourage grain growth at the boundaries of
the welds and, therefore, hammering must be continued below the re-crystallisation temperature.
Again, arguments for and against the use of fluxes are most futile: the purposes of the flux are to
reduce surface tension and to prevent solution of surface oxide films by the molten metal. If these
factors are not of account, a flux is not needed. The only essential is that the flux, if used, should not
produce inclusions in the weld. Although one of our leading Insurance Companies complacently
states that an ultimate stress of 7.3 tons per sq. in. represents good quality welding of copper, one
must regard such a result as lamentable. With or without hot or cold hammering, and with or
without a flux, it should be possible to produce welds in deoxidized copper having a minimum
tensile strength of 11 tons per sq. in. after removal of the excess weld metal. Brasses are welded
with a definitely oxidizing flame, a film of zine oxide being produced on the surface of the molten

metal to reduce the vapourisation of zinc. Bronzes are usually treated like copper. Silicon bronzes
and such alloys as “Everdur” are remarkable for their good welding properties. Nickel and its alloys
possess a hot-short range, so that care is necessary to avoid the generation of stress in the seam
during cooling through this range. A mixture of borax and boric acid is a suitable flux for nickel and
Monel metal, but is not essential for the former. For Inconel, a flux containing a fluoride is
necessary, and an excess of acetylene in the flame is generally used. Aluminium requires a flux to
dissolve the highly refractory oxide: a filler rod of the same composition as the -parent material is
the best to use, but a 5% Si rod is popular in the United States, and the Germans use a rod
containing a small amount of titanium, to act as a grain-refining agent. Both of these may give rise
to corrosion difficulties in chemical work. The non-heat-treated aluminium alloys and the
magnesium silicide alloys can be welded satisfactorily, but the others suffer serious diminution in
mechanical properties when welded. The welding of zinc-base die castings has been described by
Mace,2 who recommends the use of an oxidizing flame, and Horn 3 has given a full account of the
technique required for welding pure zinc. The oxy-acetylene process has been found most
satisfactory for magnesium alloys. These require a special flux, every trace of which must be
removed after welding. Lapped seams, in which flux may be trapped, are to be avoided, on account
of inevitable corrosion.
These brief notes suffice to show the outstanding characteristic of the acetylene process - its
remarkable versatility.
Arc Welding Processes.
In its modern form, controlled by intense magnetic fields, and with various types of gas-shielding
devices, the carbon arc possesses many advantages for automatic welding. Expensive coated
electrodes are unnecessary, the heating is more local than with oxy-acetylene, distortion being
consequently reduced, and the supply of heat for welding materials of high conductivity is not
limited by electrode characteristics. Unfortunately, it is very difficult to prevent oxidation of the
weld metal by this process, and its applications to non-ferrous materials are, therefore, limited. It is
used in the United States for jointing copper with a phosphor bronze filler rod and is recommended
for repair work on aluminium castings. It has also been used with success for welding Monel metal.
Metallic arc welding of non-ferrous metals is limited in its progress by the amount of attention
which the electrode manufacturers have to spare from their frenzied efforts to make cheaper
electrodes for mild steel. Until quite recently, no serious efforts have been made to produce
satisfactory coated electrodes for non-ferrous metals. In the case of nickel, for example, the main
object appears to have been to discover the maximum amount of deoxidant of any kind which can
possibly be introduced into an electrode coating, and the writer has even found as much as 2% of
carbon in the deposits from some of the results of these efforts.
The advantages of the metallic arc process are high welding speed and reduced distortion: its
disadvantages are the production of high residual stress and the need for careful preparation of the
work. The very local heating makes the process readily applicable to materials of low thermal
conductivity, if the results of internal stress can be avoided. With the latest types of electrode, welds
on nickel and alloys can be produced to compare favourably with the best oxy-acetylene welds.
With materials of high thermal conductivity, it is difficult to supply sufficient heat to the parent
metal and, at the same time, to preserve an arc in which the transfer of molten metal is under
control. In the case of copper, a novel attempt to solve this problem has been made by Matting and
Lessel,4 whose “Schlauchelektrode” has four distinct coatings, designed to give an extremely long
arc in which, however, the molten metal is protected from oxidation. Lessel states that electrodes of
this type are successfully used in Germany for welding in stay bolts in copper fire boxes. Coated
phosphor bronze electrodes have been used for some time for welding copper, but preheating is

always necessary. The copper alloys, containing manganese and silicon, such as “Everdur,” are
readily welded by the metallic arc with excellent results. Aluminium electrodes are now available,
in which excessive deliquescence of the coating has been avoided without destroying the useful
properties of the flux. The cores usually contain 5% Si, and some preheating is needed, except on
thin material.
Atomic hydrogen welding utilises the-heat of recombination of hydrogen atoms produced by
passing the gas through a tungsten arc. The temperature produced is over 3700°C. And makes
possible very high welding speeds. The powerful reducing action of the atomic hydrogen makes a
flux unnecessary in most cases (aluminium is an exception) and accounts for the remarkable
cleanliness of the welds produced in many materials. On the other hand, the gas is readily dissolved
by many molten metals and evolved again during freezing which, as a result of the concentrated
source of heat is often so rapid as to trap the evolved gas in the form of blowholes. The atomic
hydrogen process is particularly suitable for high melting point nickel chromium alloys, for Monel
metal, and for such applications as high vacuum plant.
Electric Resistance Welding Processes.
The application of spot and seam welding to non-ferrous metals has received great impetus from the
development of control devices which permit welding times as short as a half-cycle. With such short
welding times, transformers of large capacity, and accurate control of electrode pressure, it has been
found possible to make welds in many materials by a process of re-crystallisation across the
interface, and to avoid any structural disturbance of the outer surfaces. Since the lowest temperature
of re-crystallisation of many age-hardened alloys lies below the temperature at which softening
occurs, it should be possible to weld these materials without diminishing appreciably their optimum
properties. It is possible that a similar type of weld is obtained by Longoria,5 who reports that he has
produced joints by “molecular shock.”
In commercial practice, however, fusion usually takes place in spot and seam welds in non-ferrous
material and, as many of them have a narrow plastic range, the control of electrode pressure is much
more important than for mild steel. The higher thermal conductivities demand greater power
outputs, and spot welders of 400 K.V.A. capacity are reported to be in use in America’ for welding
aluminium. Clearly, for materials of high thermal and electrical conductivity, a steady pressure
throughout the welding operation is not desirable and, in the Sciaky spot welding system, a
predetermined cycle of pressure is synchronised with the current timing, high pressure being first
applied to establish close contact between the pieces to be joined, this being released to increase the
electrical resistivity at the interface, during the passage of the current, and increased again to give a
forging effect on the weld, and to prevent the formation of shrinkage cavities. A similar effect is
obtained in seam welding by a superposed oscillatary motion to the rotation of the electrodes. Spot
welders, utilising the discharge of a condenser or a self-induction coil to make the weld, have been
developed, and appear to have great possibilities, the welding times being extremely short, and the
energy applied to each weld -being controllable with absolute accuracy.
Control and Testing of Welds.
The objects of control tests are:
A. To reduce the probability of occurrence of excessive variations in (a) material and (b)
technique.
B. To detect such variations if they occur in (a) material, and (b) technique.

A. (a).
Variations in the raw material, filler rod or electrode are primarily the responsibility of the supplier.
His task it should be, for example, to ensure that the copper contains no oxide, or that the nickel
contains sufficient magnesium and no excess of sulphur. The grain size of most weldable materials
should also be under control, and the usual specification requirements of chemical composition and
temper become all the more important when the material is intended for welding.
B. (a).
Although the supplier should keep all the material to an agreed specification, and invariably makes
every effort to do so, for high class work it is essential that the fabricator should carry out check
tests on at least a proportion of the material received. Microscopic examination, after fusion under
the blowpipe, is often sufficient to indicate the welding properties of a material; bend tests after
annealing in hydrogen will detect excessive oxide in copper, and hot bend tests are sometimes
useful to detect abnormal brittleness at high temperatures.
A. (b).
To develop a consistently high level of technique, it is necessary to obtain good welders, and these
must be both born and made— - n other words, it is essential, first, to select men with an aptitude
for welding, and secondly to give them satisfactory training, This aptitude demands physical and
mental characteristics which are not possessed by everyone, but which should be readily assessed
by the application of vocational psychology. The important question of training would, of itself,
require a lengthy paper to discuss at all adequately. Suffice it to say that a satisfactory training
scheme should inculcate in the welder a love for his job; if it fails to do this it is worse than useless.
Given good welders, one must make it as easy as possible for them to concentrate the whole of their
attention on welding: every possible adjustment of the welding plant should either be automatic or
under the supervision of a foreman.
B. (b).
So long as the human element is such an important factor in welding, variations in technique are
bound to occur, and some system of control testing is necessary to ensure that they do not become
excessive. Destructive tests, such as tensile, bend, impact and fatigue may be carried out on
coupons tacked to the ends of straight seams. They do not need to be numerous if the characteristics
of the material are well-known and under adequate control. More important are non-destructive
tests, of which the simplest and cheapest are the control and recording of current and voltage, or gas
consumption and welding speeds. Visual examination of the welds is very important, and X-rays are
becoming more and moe effective as the technique of engineering radiography develops.
With all these measure, however, the user of welded plant in non-ferrous materials has still to
depend largely on the craftsmanship of the non-ferrous welder.
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THE WELDING OF LIGHT ALLOYS
E.G, West, PhD
(Wrought Light Alloys Development Association)
(Lecture delivered to the Midland Metallurgical Societies at the James Watt Memorial Institute on
18th October, 1941, Maurice Cook, D.Sc., Ph.D. being in the Chair and some 30 persons present.)
The preparation of a paper with a title of such wide implications is not easy on account of the
diverse nature of the problems involved. The factors to be considered may be divided broadly into.
the fundamental metallurgical principles, the engineering aspects including design and economic
considerations, and. the available welding processes. On previous occasions the author has stressed,
usually to welding audiences, some of the less familiar aspects, such as the metallurgical factors,
and appears appropriate that emphasis should again be laid on the metallurgy of welding the light
metals on the present occasion. The paper may therefore be divided into two interdependent parts,
namely the fundamental factors influencing weldability, and the welding procedure actually used.
PART I
It is necessary first to define “weldability,” which must include both "ease of welding" and the total
properties of the resulting joint. The author's definition of welding given previously1 shows that the
weldability of the material must have regard. to the welding process, the properties of the metal and
the purpose of the weld. The definition is
“Welding is that process in which heat and, sometimes, pressure, are applied locally, with or
without the addition extra metal to produce a joist possessing homogeneous properties of
value in the particular service"
As soon as we attempt to apply: this definition to the light alloys, which will be taken to include the
aluminium-rich and magnesium rich materials, it is realised that their distinctive common properties
place them in an entirely different welding category from the steels or the copper rich materials, but
at the same time there are considerable differences between individual light alloys. It is the
combination of certain properties which necessitates the specific operations of the welding.
procedure, "Procedure” covers a multitude of items, most of them rather of an engineering nature
then metallurgical, and broadly may be taken to include the plant and equipment necessary and the.
actual operations required, which in turn cannot be separated from the skill and conscience of the
individual in many cases.
Properties Involved.
Considering the properties involved in assessing weldability, it is apparent that in many cases the
characteristics which led the engineer to choose a particular alloy may he undesirable from the point
of view of welding that material. Generally, it is necessary to consider the chemical and physical
properties and, in addition, the mechanical strength of the material over a wide range of
temperature. Hence, the welding technique cannot be based on that evolved for mild steel, but this
does not mean that the light alloys are necessarily more difficult to weld than the steels It is a matter
of applying a different technique evolved after full consideration of al the characteristics of the
specific material. Incidentally, the best operators for welding the light alloy are usually those which
have been specially trained for this purpose, rather than welders who have had previous experience
of steel or other metals.
The properties of the light alloys of particular importance are electrical and thermal conductivities,
coefficient of expansion, the chemical nature of the oxide film, the mechanical properties at raised

temperatures, and the metallurgical factors such as liability to porosity and the effect of heat on the
parent metal. The physical properties of representative alloys are given in Table I, which includes
other materials for comparison.

The thermal properties of aluminium and magnesium are particularly important, for it may be seen
that the heat capacities of a specified weight of aluminium and of mild steel are: very similar, that is
approximately equal quantities of heat are required to melt equal weights of the two metals from
normal temperature, but considering equal volumes of the metals, aluminium or magnesium require
less heat than steel The thermal conductivity, however being considerably greater in the case of the
aluminium rich and magnesium rich alloys, is able to-exert an effect which completely overshadows
the previous considerations. Thus, heat is removed 4 or 5 times as rapidly from the region of the
weld in the light metals as in mild steel. Hence one of the first important factors of procedure
emerges, namely the employment of sufficient quantity of heat in any welding process. Thus, for
fusion welding, preheating is necessary for all but the smallest samples or very thin sheets, while
resistance welding calls for very high currents.
The coefficient of expansion of aluminium and magnesium-rich alloys is higher than that of steels,
and this tends to give a greater measure of distortion and. possibly greater liability to tearing unless
sufficient allowance is made when setting up the work. On the other hand, the higher thermal
conductivity results in a more uniform temperature distribution, which may reduce the effects of
expansion and contraction.
The most important chemical property of the light alloys in welding concerns the formation of the
oxide skin on the metal surface, On the aluminium-rich alloys the skin is generally taken to be
chiefly alumina, while on the magnesium-rich materials it is chiefly MgO, but some degree of
hydration is obtained in each case. The films form rapidly in air at normal temperature and Increase
in thickness as the temperature rises. The nature of the film differs, however, according to the
composition of the alloy, and on the aluminium-rich materials forms a very adherent continuous
film. The oxide on the magnesium-rich materials is not continuous but, in each case, its melting
point is considerably above that of the metal.
In fusion welding it is essential to remove the oxide layer by means of an effective flux, for neither
oxide is reduced to the metal by any constituents of the welding flame.
In resistance welding, the oxide on aluminium-rich material acts as an electrical insulator, thus
tending to concentration of heat at contacting surfaces but in practice it is necessary for various

reasons to remove the film in order to obtain more uniform results. With the magnesium alloys there
is a further complication in that they are usually subjected to a process to increase their corrosion
resistance, such as chromating. and the film thus formed usually requires removal. The removal of
the oxide film and the presence of flux residues after welding may lead to a reduction in the
corrosion resistant properties of the material unless suitable precautions are taken.
The mechanical properties at temperatures up to the commencement of fusion are clearly of
importance in determining the liability of the metal to crack during. welding and cooling. The
stresses induced by contraction, both of the liquid metal during solidification and of the basis
material, may be sufficient to cause tears, particularly if there is a range of temperate in which the
ductility of the metal is low. Unfortunately, there has been little reliable work on the determination
of high temperature properties which are in any case considerably influenced by the rate of
application of the stress. Clearly one important cause of cracking is the presence of a liquid phase at
the grain boundaries. During solidification of the weld metal, segregation of constituents melting at
temperatures lower than the matrix is likely to occur and on account of this phenomenon
commercial purity aluminium (99.5%) has been found to crack more than super purity metal
(99:99%, Al)9. It is clear, therefore, that any of the light alloys may be liable to this type of defect on
welding, and cracks may even occur in the parent metal adjacent to the weld due to the local
overheating experienced.

The metallurgical factors may be divided into two main groups, namely those associated with
melting and the solidification of the weld meal and those concerned with the effects of heat on the
parent plate. Welding is, after all, a casting process in many respects and the problems are of a
similar nature to those experienced in foundry work. Gas absorption from the welding flame or the
atmosphere or any of the other usual sources is likely to be encountered, leading to porosity,
especially as the weld metal may attain a considerable degree of superheat. The freezing range also
exercises an important influence on the soundness of the weld metal and may even influence the
manipulative technique required in fusion welding. In general, manipulative troubles are
experienced when the freezing range is very short, but less sound welds are usually encountered
when the freezing range is particularly wide.
The effect of the increase of temperature of the unwelded parent metal covers, of course, the whole
range of heat treatment operations and may therefore exercise a detrimental effect on the properties.

In the case of cold worked metal, recrystallisation followed by grain growth takes place, while heat
treated materials suffer a local reduction in strength and probably an alteration in other properties
such as corrosion resistance. A fully heat-treated alloy such as aged Duralumin usually suffers some
degree of softening while certain constituents may be redistributed in an undesirable manner. The
extent of the heat affected zone depends largely on the conductivity of the metal, on its
recrystallisation temperature and on the specific welding conditions encountered, in particular the
intensity of the heat source and the rate of welding.
Available Welding Methods.
Before discussing the details of the technique required, it is perhaps necessary to summarise the
process which may be used for welding light metals. They may be divided broadly into two, namely
those in which fusion occurs, and those in which fusion may be absent. ‘The former comprise the
gas and arc processes, while the latter include the various electrical resistance methods. An
important point of distinction between the two groups is that no metal is added in the resistance
methods whereas in the fusion processes the filler rod or electrode or the flux may supply the means
by which alloying additions may be made with a view to improving the weld metal.
Almost all fusion welds are made by gas welding, using generally the oxyacetylene flame although
oxy-hydrogen, oxy-coal-gas and flames using other hydrocarbons are successfully employed. There
are three principal techniques available, namely leftwards, rightwards and upwards, all of which
have been fully described in the literature2. The first two terms lose their precise significance if the
operator is left-handed or if the line of the weld is in any position but horizontal and at right angles
to the operator’s vision. Their importance is the relative positions of the welding torch and the filler
rod with respect to the seam and the direction of motion. Thus, leftwards welding means that the
rod moves ahead of the flame which pre-heats the edges of the plates to be welded. In the
rightwards method the torch precedes the rode so that the flame heats the weld already made.
The vertical upward method may be divided into three types (designated A, B and C by their
originator - Meslier). They possess the advantage that there is an equal distribution of the weld
metal on each side of the plates and the thickness of the material concerned determines whether
type A, B or C is the most suitable. Method A is applicable to plate up to ¼ inch thick, with square
edges and is carried out by one operator. Methods B and C each require two operators, one each
side of the plates, B being used for thicknesses from ¼ inch to ½ inch, with square edges, and C for
thicker plates, with double V edges.
It is important that the acetylene flame is adjusted to the neutral position, i.e., using equal volumes
of the fuel gas and oxygen according to the equation:

Arc welding is divided into the carbon arc and the metallic arc, and each is used to a small extent at
present. In the carbon arc metal is added from a filler rod and the arc is struck between a carbon
electrode and the work, and in the metallic arc process the electrode consists of a rod or wire of the
required composition coated with a suitable flux. The heat of the arc thus serves to melt the edges of
the parent metal and the end of the electrode which thus supplies the required added material. The
method is still undergoing development for the light alloys, but the results are promising up to the
present.
The atomic hydrogen process can be regarded as a gas process giving a more intense flame than
when the gas is burned in the usual way. The Weibel process is applicable only to thin sheets and it
has not yet been adopted to any extent industrially. The most important advantage at present of the

arc, atomic hydrogen and Weibel processes lies in the narrower thermally disturbed zone which i
obtained compared with the gas process.
There are a number of electric resistance welding methods, but the spot and seam processes are the
only ones of any great industrial value to-day for light metals although development work is taking
place on the butt and flash welding methods.
The most interesting metallurgical feature of spot welding is the mechanism by which a joint is
formed. Examination of spot welds in the light medals almost invariably shows a melted zone
extending for varying distances through the sheets, but it has been shown possible 3 to produce a
satisfactory weld by by recrystallisation and grain growth across the interface. It is clear that the
lower temperatures and less steep temperature gradients required to bring about a weld without
fusion should be beneficial, but they are commercially impracticable at present. The amount of
deformation before the application of heat is critical, as may be ascertained by examining the
various three-dimensional recrystallisation diagrams available; and this. recrystallisation depends in
spot welding on the hardness of the metal welded, the pressure applied and the exact form of the
electrode tip. Spot welding in any case requires very close control of the welding variables and still
more accurate control will have to be developed before "recrystallisation welding" becomes
commercially possible.
PART II
In this section of the paper, it is proposed to discuss the more important details of technique for each
of the processes as applied to the light alloys. The information given is based on published data,
particularly those which have appeared daring the last two years. Attention must be drawn to the
comprehensive reviews by Spraragen and Claussen 4, particularly as all the important references up
to the beginning of 1940 are included.
Gas and Arc Welding.
In fusion welding the oxide film is the most troublesome characteristic, and a flux is essential for its
removal. Part of the work with which the author has been concerned has indicated the mechanism
by which flux removal from the aluminium-rich materials takes place 5, and it is hoped that the
explanation put forward will result in the development of more effective mixtures. It appears that
the solubility of oxide in molten flux icons is low, but that chlorine ions attack the basis metal with
the formation of volatile aluminium chloride which lifts off particles of oxide, these particles being
removed as a suspension in the liquid salts. The possibilities of employing gas fluxes containing
chlorine compounds should be further explored, and at least one patent has recently appeared
dealing with this aspect6. The problem in magnesium-rich alloys appears to be one of solution of the
MgO rather than any specific reaction being required.
The actual procedure for welding both aluminium-rich and magnesium-rich material is based on
that for pure aluminium, the fundamental principles for which have been laid down in an Institute of
Welding. Sub-Committee Report7. In this publication, the necessity for pre-heating was explained,
the preparation of edges and setting-up the parts to avoid distortion was detailed and the importance
of a uniform neutral welding flame was stressed. The major points were Further elaborated by the
author recently8, and it should be pointed out that many of these recommendations are based on
research which was summarised in an illustrated report earlier this year 9. Photomicrographs, in this
report, show that welding should be carried out whenever possible in one run, and that the use of
silicon alloy filler rod may result in unsound weld metal, although the tendency to cracking may be
reduced owing to the lower solidification shrinkage of these alloys.

It
is
particularly important that all flux residues are completely removed from welded assemblies,
otherwise corrosion is likely to be rapid. Non-corrosive fluxes are, as may be expected relatively
inefficient compared with mixtures containing chiefly alkali chlorides, so that it is necessary to use
only the minimum amount and thoroughly wash the work as soon as it has cooled. Boiling water,
combine with vigorous scrubbing is required, and must be followed by swilling in clean, preferably
running, water before transferring to a 5 to 10% nitric acid bath for a few minutes After a final
swilling, the work must be drained and dried as quickly as possible, and more care should be given
to these finishing operations than is usual in many works. It should also be pointed out that
chemical or electrolytic treatment subsequent to welding cannot replace efficient washing in so far
as freedom from corrosion is concerned.
Welds must be so designed and positioned that both sides are readily accessible after welding in
order to facilitate flux removal. Suitable types of joint are shown in Fig. 4 and this provision is of
equal importance for the aluminium and magnesium alloys and for both gas and arc welding.
The carbon arc process results usually in porous welds, while metallic arc welding has not yet
progressed to the point where it can be applied on a commercial scale to the alloys. It is difficult to
maintain a steady arc, and welds in the past have often been porous, while the hygroscopic nature of
the salts used in the electrode necessitates special methods of storage and handling. There has been
considerable work, particularly abroad, on metallic arc welding for aluminium-rich materials, as
shown by the papers of Auchter, Anastasidias, Lancrenon and others 10, but the magnesium-rich

alloys have not been arc-welded. Further work is in progress, and the author expects metallic arc
welding of aluminium alloys to develop into a satisfactory industrial process in the near future.

Spot Welding.
The use of spot welding is steadily increasing in aluminium alloys, chiefly Duralumin and "Alclad,”
and a great many. reliable data are now available. The recent review of available information by
Tylecote11 should be consulted for details, while the report by Field and Sutton 12 may be taken as a
general guide to the properties of spot-welds obtained from several representative machines. For the
magnesium-rich alloys, very little precise information has been published, but the problems
involved are in many ways similar to those encountered in spot welding the aluminium alloys. The
current required is generally lower than for aluminium-rich materials and cleaning the surface by
etching before welding does not appear to be established present.
Field and Sutton include in their report a. number of photomicrographs of typical spot weld
structures between Duralamin and "Alclad" sheets of similar thickness (Fig 5.), between sheets of
dissimilar thickness and between sheets and. extrusions. Their report gives also he results of many
mechanical tests, including hardness exploration across a spot weld, static shear and fatigue tests,
and also corrosion. It will be noted that the static shear results show a certain amount of scatter and.
the fundamental reasons for the variations observed do not appear to have been fully elucidated as
yet. It must be remembered, however, that riveted joints would probably show a similar degree of
variance when tested under the same conditions. It is particularly interesting that when sheets ate
spot welded to extruded sections, the heat appears to have little effect, as shown micrographically
on a section through the extrusion (Fig. 6). Field and. Sutton report indicates, also, that the alloys of
the “MG5” type. possess satisfactory spot-welding characteristics.
Tylecote discusses in considerable detail the effects of the chief variables in the spot-welding
process, namely current time and pressure, and representative data on these aspects have been given
in another paper13. (Figs 7 - 11)

Various types of machines are available, and one of the most interesting. metallurgical points in
connection with these is the provision of suitable material for the electrodes. Work-hardened copper
is generally employed, but additions of cadmium or silver increase the life of the electrodes by
increasing the softening temperature. Many special materials have been proposed as suitable for
electrodes, including copper-tungsten and the heat treatable alloys containing beryllium, cobalt.
chromium, etc. but, at present their high initial cost militates against their wide adoption.

The most satisfactory shape of tip appears to be the domed type having a radius of 1 to 4 inches, but
cone-shaped electrodes (approx.165o) are stated to give more uniform deformation of the material
being welded with a resulting improvement in. the recrystallised zone. It is difficult, however, to
maintain the conical tip, owing to the frequency with which all electrodes have to be cleaned.
Cooling is of great importance, and again is greatly influenced by the design of electrode, in
particular the location and size of the water passages.
Considerable research has been carried out on the function of surface contact resistance 14, and in
practice it is necessary to clean aluminium rich materials either mechanically or chemically. Scratch
brushing or the use of abrasive papers is no to be recommended, while pickling may involve the
complete immersion of sheets in a suitable bath or the use of a paste etch, containing essentially
hydrofluoric acid.

The. metallurgical examination of spot weld is of great interest, for nearly all the usual metallurgical
reactions have taken place within a very short time in a particularly small region. The effect of
temperature on the unmelted metal may be observed in several ways, such as the extent of fusion of
the various constituents, changes in their slid solubility and the limit of recrystallisation. By the use
of suitable etching treatments such as those described in "Metals Handbook," all the constituents
may be identified, and some attempts have been made to construct diagrams to show the
temperature distribution in spot welds based on microscopic examination.
As may be expected, heat treatment and even cold working of completed spot welds and welded
assembles have been carried out in order to improve the mechanical properties, but further work
remains to he done on this aspect.
In so far as shop practice is concerned, it is important to avoid placing welds too near the edge, and
to use a suitable pitch to avoid loss of strength due to current shunting through previous spots. In
general, large structural units should be divided into small sub-assemblies which can be easily
handled.
Tack rivets or clamps should be used to bring the sheets into line before spot welding commences,
and it is clearly undesirable to rely on the pressure exerted between the electrodes bringing together
misaligned sections.
Testing of Welds.
Of the general methods available for testing welds, comparatively few of them are employed for the
light alloys. Non-destructive testing is confined to radiography and this is particularly valuable
owing to the low absorption power of the aluminium-rich and magnesium-rich materials. It is not
used for production in spot welding, but in experimental work has shown cracks and pores in the
weld and splashing between the sheets around the spots. In fusion welding cracks, ores, inadequate
fusion and included flux particles are readily revealed, and the author has obtained indications of
the actual microstructure of heavy section welds in high purity aluminium9.

Mechanical tests are confined almost entirely to hardness exploration across the welded zone
(Fig.12), tensile or shear strength determinations and, less frequently fatigue tests. The bend test is
seldom used, while microscopic examination still provides the most formative means of examining
either fusion or spot welds. The effect of welding on the corrosion properties of the light alloys is
clearly important, and the usual test involves salt spray or immersion in saline solution.

Conclusion.
This paper is a summary of the general problems involved in welding the light metals, together with
the means employed to ensure satisfactory joints. It has often been assumed that the light alloys
could not be successfully welded, but aluminium itself has been joined by this method for about 40
years using, to some extent, empirical methods. More recently, there has been considerable research
throughout the world on the subject and there is a considerable mass of information which has been
summarised and to some extend codified4.
Much work on the alloys is still in progress and it may be confidently predicted that far-reaching
developments will be made known in due course. The further application of light alloys is
intimately connected with their weldability, and it is frankly admitted that some problems still
remain at the present time.
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