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PEEFACE

The present volume is intended to serve as an introduction

to the subject of Physical Metallurgy for those who are in-

terested in the physics and physical chemistry of metals,

whether as scientific investigators, manufacturers or users of

metals, or students of metallurgy, engineering and allied

subjects in which a knowledge of metals plays an important

part. The volume also serves as an introduction to the

Metallurgical Series which is in course of publication by Messrs.

Constable under the editorship of the author. In the various

volumes of this series will be found that more detailed treatment

of many of the principal subjects touched upon in this book
which is required by those particularly interested in any one

metal or alloy or in some special aspect of the subject. With
these more detailed volumes in view, the treatment of the whole

subject in the present work has been intentionally kept some-

what general, the object of the author being to awaken
interest and to stimulate thought and ideas rather than to

communicate a great mass of detailed data.

In writing such a book the author has necessarily relied very

largely upon the work of others, and in the tables of references

at the end of each chapter he has endeavoured to make the

only real acknowledgement which is possible in such

circumstances. These references lay no claim to being an

exhaustive bibliography of the subjects touched upon, but they

constitute a fair guide to introductory reading. In regard to

illustrations also, the author is indebted to many others for the

examples he has chosen. As far as possible, the micrographs

particularly have been taken from the author's own work or

from that of members of the staff of the Metallurgy Department
at the National Physical Laboratory. Many of these have
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already appeared as illustrations of the author's various papers

(many of them joint papers), and he is indebted to the Councils

of the various Societies and Institutions concerned for per-

mission to reproduce these illustrations here. Specific

acknowledgment in regard to these illustrations is made below.

Photo-micrographs and diagrams by other authors have been

very kindly placed at the present author's disposal in a number

of cases, and he desires to express his indebtedness to the

following :

—

Sir J. Alfred Ewing, F.R.S., for Figs. 110 to 113 inclusive,

and for permission to reproduce a number of illustrations first

pubUshed in joint papers by Sir Alfred Ewing and the present

author.

Dr. J. E. Stead, F.R.S., for the micrograph. Fig. 17.

Professor W. E. Dalby, F.R.S., for the diagrams. Figs. 87

and 88.

The author also desires to record his indebtedness to Dr. R. T.

Glazebrook, C.B., F.R.S., for permission to reproduce here a

number of photographs of apparatus and apphances installed

at the National Physical Laboratory and a large number of

photo-micrographs taken there in the course of the regular

work of the Laboratory.

Particular thanks are also due to various members of the

staff of the Metallurgy Department, who have rendered most
valuable assistance in the preparation of the illustrations,

particularly to Messrs. W. H. Withey, D. Ewen, S. L. Archbutt

and J. L. Haughton. To the two last-named the author is

also indebted for much valuable help in the reading of proofs.

By kind permission of the Councils of the various Societies

and Institutions concerned, Figs. 18, 19, 23, 24, 25, 26, 46, 51,

52, 53, 100, 106, 110, 111, 112, 113, 117, are reproduced from
various papers in the Philosophical Transactions and Pro-
ceedings of the Royal Society of London ; Figs. 99, 101, 109,

114, 116, from the Journal of the Iron and Steel Institute
;

Figs. 13, 15, 72, 73, 75, 96, 119, from the Proceedings of

the Institution of Mechanical Engineers ; Figs. 97, 98, 107
from the Journal of the Institute of Metals ; and Fig. 133 from
the Journal of the Staffordshire Iron and Steel Institute.
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AN INTRODUCTION TO THE STUDY
OF PHYSICAL METALLURGY

CHAPTER I

INTRODXrCTOBY

Since the term " Physical Metallurgy," which appears in

the title of this book, is not one which is as yet widely used,

some definition is perhaps required. Yet the term speaks

largely for itself, since it obviously connotes that branch of

science which deals with metals in their physical aspect. The

term is justified by the need for a distinguishing name for that

great branch of the knowledge of metals which has to a large

extent grown up during the last fifty years—a branch which
concerns itself with the nature, properties and behaviour of

metals and of alloys as such, as distinct from the far older

branch of metallurgy which deals with the reduction of metals

from their ores. Hitherto the term " Metallurgy " has indeed

been almost entirely confined to this latter meaning, and those

who have grown old in this idea are a little apt to resent an
innovation which gives to the old term " Metallurgy " a wider

and more general meaning than it formerly bore so as to include

the newer knowledge of metals. This inevitable widening of

the old term, however, demands a subdivision, so that the

department of metallurgy which relates to the reduction of

metals and their refining may well be termed " Process " or

" Chemical " Metallurgy, leaving to the younger branch of the

science the newer term " Physical Metallurgy."

Thus defined and understood, the scope of Physical Metal-

lurgy is an exceedingly wide one, and one which brings it well

over the border-land of several sister-sciences—such as chemistry

on the one side, physics on another, and that branch of know-

ledge generally known as "strength of materials" in yet

P.M.
^
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another direction. Besides these, crystallography bears largely

on our subiect. But while our young science necessarily draws

largely upon the resources of these her elder sisters, she is not

without gifts in return.

Perhaps this purely scientific aspect of our subject may with

advantage be dealt with first. While the greatest practical

importance obviously attaches to a deeper knowledge of metals

and a better understanding of the phenomena which are met

with in connection with them, yet from the point of view of

pure science also, the better knowledge of metals is of con-

siderable importance. In the first place—^to take the lower

ground first—^metals and alloys are in constant use for the

construction of scientific instruments and apphances. In the

uses to which metals are put in this connection some very

extraordinary demands are frequently made upon their

properties—and a deeper knowledge of those properties and
of the factors which govern them must lead to a sounder method
of application to the difficult problems of instrument con-

struction. Only too frequently, even at the present time, those

who design, make and use scientific instruments are obviously

only dimly aware that anything reaUy useful is known about
metals ; consequently the use of relatively unsuitable materials

continues broadcast. New and valuable materials are

neglected, others of doubtful utility are at times greedily

employed. The contents of the present volume, although
they can but touch the fringes of the subject in many direc-

tions, should serve to supply a little of this much-needed
knowledge to those who often are obHged to employ metals
under conditions of special difficulty {^).

But it is not only in connection with instruments that
Physical Metallurgy has an important bearing on what may be
termed scientific practice. A great many experiments, both
of a physical and a chemical nature, are made upon metals.
Yet in a great many cases, and until recently in all cases, the
exact nature and condition of the metal employed has not been
fully stated or—probably—^understood by the experimenter.
We have endless examples of determinations of physical con-
stants made on metals simply described as " copper " or " soft
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iron," or at most we find a distinction made between metals
" cast " and " wrought." A perusal of the following pages

will show very clearly how inadequate and even futile such a

description really is. The newer knowledge of metals which

forms the basis of this volume, therefore, supplies the means for

rendering precise and definite all determiaations of physical

constants made on metallic materials. In view of the import-

ance which is rightly attached to ever-increasing accuracy in

scientific measurements, this consideration is really one of

fundamental importance.

There is yet another point of view from which the whole

subject-matter of Physical Metallurgy is of considerable

scientific importance. The study of the soUd state of matter

and of molecular physics in general is attracting an increasing

amount of attention, both from pure physicists and from those

primarily interested in physical chemistry and crystallography.

For all those interested in this subject, however, metals possess

a very special importance because they are—in aU probability

—

the simplest form of soUd matter. This follows from the fact

that they are in the pure state simple elementary substances.

Accordingly it is in the study of metals that advances in our

knowledge of the constitution of sohd matter are likely to be

made. For that reason the results and theories of Physical

Metallurgy may well be commended to the careful attention of

pure physicists—an attention which they have hitherto received

in only a few instances.

Turning to the more immediately practical aspects of our

subject, the importance of Physical Metallurgy scarcely requires

either explanation or emphasis. To all the industries which are

concerned with metals, and at the present time there are very

few indeed which are not to a large extent thus concerned, every

real advance in our knowledge of metals must be a real and

important advantage. This makes itself felt most directly in

the great industries which deal directly with the production

and treatment of metals ready for technical or industrial use

—

such as the iron and steel industries and the non-ferrous metal

industries. Every process which the metals imdergo, from the

moment when they first leave the refining furnaces as metals,

b2
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until they reach their ultimate user, forms the direct subject-

matter of our science—^for in each and all of such processes, are

involved those properties of metals and those phenomena

associated with them which it is the object of this science to

study and to elucidate. And already there are many great

achievements which stand to the credit of this comparatively

young science, for although the source of many of these improve-

ments in our metal products cannot be directly traced to any

one scientific pubMcation or to the results of any one research

laboratory in which the methods of Physical Metallurgy have

been pursued, yet these things stand as the outward and visible

tokens of the new knowledge of metals which has grown up in

recent years. We may call to mind a few of the more striking

examples, such as the alloy steels and the high-speed cutting

steels, modern guns and armour-plate and armour-piercing

projectiles, non-corrodible alloys for the construction of vessels

for chemical manufactures, new light aUoys of remarkable

strength and durabihty utilised in our air -craft, and many
others which, if enumerated, might weU fill several pages of this

book with a catalogue of modern achievement in the immediate
province of our science.

Nor is it only in the evolution of new and strikingly important
materials or products that the new knowledge has made itself

felt ; in the improvement of manufacturing processes its

influence has already been great, and is destined to become
still greater, since it opens up entire new ranges for methods of

control and new understanding of what is really vital and what
is accidental or unimportant in the processes now in use or in

others whose use is suggested. This is a benefit which the
leaders of our technical industries have been somewhat slow to
avail themselves of, particularly in the industries connected
with metals. These are necessarily old industries, in which
modern ideas have had a somewhat severe struggle for supre-
macy. Even now that supremacy has not yet been won as
fully as it should so far as Great Britain is concerned. Manu-
facturers are still too slow to make use of the methods which
scientific research along the lines of Physical Metallurgy has
rendered available. On the other hand, too, it must be remem-
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bered that our science is still in its infancy and that, much as it

has already achieved, great regions of darkness still lie over the

majority of our industrial and technical processes. The new
science can lay no claim even to proximate completeness, and
for that reason we have said that the manufacturer should

utilise the methods of research developed in this subject—^for in

many cases the results he requires for his practical guidance are

not yet available and must be found in his own laboratory or, at

all events, at his own expense. But the science has progressed

far enough to furnish the capable investigator with methods

powerful enough to give a prospect of success in an attack upon
the most difficult practical problem, provided that the requisite

means and the requisite time are allowed for obtaining the

solution. But it must be borne in mind that many of these

" practical " problems involve the very deepest questions of

our science, and they cannot be solved with anything but the

best aids to research, nor by any but the best-trained of investi-

gators. For that reason, perhaps, the rather halting efforts

at the practical application of our science which have been made
in a good many Works have led to somewhat disappointing

results. Once the conditions of the case are fully understood

and properly met, however, far-reaching success is certain to

follow, and, as a matter of actual fact, has already been obtained

in many cases.

There is another special aspect of the practical importance of

Physical Metallurgy which perhaps deserves emphasis at this

point. The importance of the subject to those who are con-

cerned with the production and manipulation of metal has just

been discussed, but the subject is of at least as high a degree of

importance to those who have to deal with the uses of our

metals. In the widest sense this embraces the whole of civilised

mankind ; in the narrower sense the " users of metals " are

engineers and constructors generally. To these a better under-

standing of their most important materials of construction is

obviously of paramount importance. At the present time,

engineers in all branches of design are forced to adopt what are

known as large " factors of safety "

—

i.e., to employ quantities

of material from three to eight or even ten times in excess of
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what -would really be required to afford the necessary strength

if all the factors of the case were completely known and the

behaviour of the metal fully understood and its consistent

performance entirely to be relied upon. In spite of this

expensive precaution, however, failures and breakages still

occur at intervals in engineering practice, thus proving that

even these " factors of safety " do not really entirely ensure

the degree of safety which their numerical value would

suggest. Of course to some extent uncertainties exist in all

engineering work, and these are by no means confined to

questions of the quaUty and exact mode of behaviour of metals.

Yet this latter factor is a very important one—in part because

the precise behaviour of metals is reaUy subject to considerable

apparent vagaries and uncertainties, and partly because in the

absence of complete knowledge or of searching investigation it

is easy to throw the responsibility for any given failure upon

the material of construction, and thus to overlook or to evade

the real lessons of the failure from the point of view of design.

From this point of view the development of the methods of

Physical Metallurgy has already placed at the service of

engineers and metallurgists powerful weapons for the exhaus-

tive investigation of cases of failure or breakage. These

methods are not at present utiHsed as fuUy as in the interests

of the advancement of technical knowledge they should be.

The reason lies partly in want of acquaintance, on the part of

those vinder whose jurisdiction practical failures occur, with

the nature and extent of the investigation which is now possible,

and partly also from a desire to avoid or shirk searching inves-

tigation for business reasons. The maker of a metal article

which has failed frequently shows an easily understood anxiety

to melt up the broken parts, and dislikes having the whole case

thoroughly studied, perhaps by an independent expert. Yet
such a course—of covering up traces of failures as rapidly as

possible instead of studying them carefully and drawing
valuable conclusions from them—is not in the long run wise

even in the immediate interests of the manufacturer himself,

and is certainly inimical to technical progress generally. For
unless the manufacturer has knowingly supplied a defective
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article, lie himself is generally ignorant of the cause of these

failures, and it is only by the careful study of such cases that

his knowledge of his own processes, and of the risks of failure

attaching to them, can be materially increased. It may,
however, be hoped that, as the value of the methods of Physical

Metallurgy becomes more widely known and appreciated,

those concerned with cases of failure or breakage will avail

themselves of these means of investigation to a steadily

increasing extent, either by themselves estabhshing properly

majuied and equipped research laboratories or availing them-

selves of the services of public laboratories or of private con-

sultants competent to deal with such matters.

It may perhaps be pointed out here that the systematic

utilisation of the methods of Physical Metallurgy need not,

and, indeed, should not by any means be confined, even from

the practical point of view, either to the direct control of Works
practice in the manipulation of metals, or to the investigation

of failures. Apart from definite research of an exploratory

nature, another very important function remains to be men-

tioned. While the study of failures occurring either under

test or in practice indicates very clearly the sources of trouble,

and thus shows what must be avoided by rational practice,

its indications are still of a somewhat negative character, and

something more is required to point out in a definite and

systematic manner the path towards the best possible results.

The real test of " best results " lies, of course, in the continued

test of actual use, and experience quickly shows that few, if

any, industrial metallic products are so uniform in quaUty that

this searching test of practical service does not distinguish

widely between different batches or even between different

individual pieces which are all nominally exactly alike. We
have in this circumstance a further most valuable point of

attack to which the methods of Physical Metallurgy could be

most profitably applied, although at the present time a vast

amount of valuable material of this nature is allowed to go to

waste. The problem which is suggested by these variations of

behaviour so often met with in practice is simply that of ascer-

taining what are the real, although possibly minute, differences
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between the articles which have given the best results and those

which have behaved either in a merely average or even in a

barely satisfactory manner. There are two ways in which the

methods of Physical Metallurgy could be readily applied to the

solution of this problem. The first consists in making a very

thorough examination, by the most searching methods avail-

able, of a considerable number of articles as delivered by the

maker or as sent out for use. This is not a question of tests to

be made merely for the purpose of determining whether the

goods in question come up to the standard required by the

specification under which they have been purchased, but some-

thing much more far-reaching. It is a question of determining

as many of the properties and constants of the material as can

reasonably be examined. These data should then be recorded

and the behaviour of the individual articles followed through

their career of actual service ; these service results will then be

correlated, by systematic tabulation and comparison, with the

investigatory test data obtained before the articles were put

into use. It will not be long, if such a system is followed in a

thorough manner, before relations between certain test results

and service value become evident, thus furnishing guidance of

the highest value in framing future specifications. To the

user of metals the value of such a course is obvious, even

though the labour and cost involved is not inconsiderable.

We may take an example from railway work, such as rails and
tyres. The service conditions and useful life of such objects

could be followed up, in a selected number of cases, with

moderate ease, even though a considerable number of cases

would require to be studied in order to ehminate, as far as

possible, the disturbing effects of local variations in service

conditions. But what railway engineer would not be glad to

have before him to-day, when called upon to draw up a specifica-

tion for a fresh supply of rails or tyres, the data of chemical
analyses, full mechanical tests, the micro-structure, macro-
structure and thermal data covering several hundreds of rails

or tyres whose subsequent service behaviour was also recorded ?

At present only a few comparatively isolated data of this kind
are available, and it may easily happen that the testa which
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have been made under various specifications did not really test

just that property or combination of properties which is of

primary importance for these very articles.

Nor need the manufacturers of metal objects fear the results

of such a systematic correlation between preMminary exhaustive

tests and service behaviour. What a manufacturer whose aim

it is to supply sound and reliable goods and thus to build up
a reputation in the engineering world, has to dread are chiefly

two things—^the first and most serious is a faulty specification

which may, perhaps, impose very severe tests of the wrong

kind, tests which the maker finds it difiicult to comply with, but

which depend upon properties not really vital to the particular

object for which the goods are intended. The second is the

risk that, either through lack of adequate systematic data or

through prejudice, goods which are in reahty inferiormay attain

a spurious reputation. Both these dangers would be steadily

eliminated by the systematic appUcation of the methods of

Physical Metallurgy which is here suggested, so that ultimately

the manufacturer, as well as the user, must benefit materially by
the advancement of technical knowledge which would result.

The method of preliminary investigatory testing which has

just been discussed has one material drawback—that its

results can only be arrived at gradually in the course of time,

as experience of practical behaviour is obtained in correlation

with preliminary data. For that reason the second way of

applying the methods of Physical Metallurgy in correlation

with the results of practice is worthy of some consideration,

although its results are obtained on a far less satisfactory and

conclusive basis. This second method consists in the syste-

matic study and examination of what may be described as

" favourable examples." In the case of railway work already

cited, rails and tyres which have behaved particularly well in

service might be utihsed in this way, and investigations under-

taken in order to ascertain not only the causes of failure or

unsatisfactory behaviour, but to determine the principal

characteristics of metal which has been found particularly

successful in the searching test of actual practice. To some

extent this method also requires time to mature its results,
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since many " favourable examples " would need to be studied

before definite conclusions could safely be drawn. But at

least the long period of waiting for the tested objects to wear

out or fail would be eliminated. This latter method also has

another obvious advantage, which lies in the fact that in a great

many cases the exhaustive physico -metallurgical study of an

object implies its destruction so far as future practical use is

concerned. This does not apply to such a thing as a rail, from

which relatively small pieces can be cut at either end, but it

applies very markedly to the case of a tyre. In many cases,

if not in all, this difficulty can be overcome by the use of special

methods of testing and examination, but in the case of " favour-

able examples " withdrawn from service for purposes of study

no such difficulty arises, and in many cases much more thorough

examination can then be undertaken.

The growing extent to which the importance of physico-

metallurgical methods in connection with engineering is being

recognised may be seen from the rapid growth and vigorous

work of various societies and associations which are largely

concerned with Physical Metallurgy. Thus the International

Association for the Testing of Materials, which was founded by
Bauschinger in 1884, has shown a steadily increasing member-
ship and rapidly increasing vigour. While perhaps at the

outset this Association was primarily interested in the purely
mechanical testing of metals, work of a more or less distinctly

metallurgical type soon made its appearance in its Proceedings,
and this side of its activity has grown very much in more
recent years. At the present time the scope of the work of the
Association (Metals, Section A) is practically co -extensive with
the subject of Physical Metallurgy as here defined, and the
questions of mechanical testing, both commercial and scientific,

are rightly considered as closely related to the study of

metals by microscopic, thermal and other physical methods.
The foundation and rapid growth of the Institute of Metals,
whose scope is exactly co-extensive with that of Physical
Metallurgy so far as the non-ferrous metals are concerned, is

another indication of the increasing recognition of the value
and importance of our subject.
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In dealing with so wide a subject in an introductory volume
it is obvious that it will not be possible to attempt an exhaustive

treatment, either in regard to the subjects to be touched upon
or even in the treatment of those subjects which are dealt with.

All that can be aimed at is to present a general survey,

not so much for the purpose of giving detailed information

or instruction as with the object of arousing an interest in

the whole field of inquiry and of conveying some idea of what
has already been achieved and in what directions further

advance is to be sought. For those who are only indirectly

interested in metals, such a general survey will perhaps prove

sufficient ; for others who wish to take up the subject

in detail, much fuUer study is required, and the present volume

can only serve literally as an introduction to the literature of

the subject. Indeed, although Physical Metallurgy as a whole

may be looked upon as the branch of a specialist, yet for the

worker in that field still further specialisation is required, so

that each subdivision of the subject requires separate treatment

m an individual volume.

The general survey of Physical Metallurgy which is con-

templated in this book may perhaps be best undertaken if the

whole subject is approached from some distinct single point of

view. The one which it is proposed to adopt here is based

upon the view that the fuller understanding of metals is

dependent upon a loiowledge of their internal structure and

constitution. The methods of studying that structure and

constitution, and the resulting knowledge, will therefore be

dealt with first, the useful and interesting properties of metals

and alloys being subsequently dealt with—so far as space

permits—^from the point of view of their structure. In the

first instance we shaU confine our attention to substantially

pure or " simple " metals, since their nature and behaviour is

better understood than that of alloys in many respects. Sub-

sequently the nature of alloys will be considered, and our

knowledge of pure metals will be applied to them so far as that

is possible. As far as possible it will be well to deal with

general ideas and principles rather than with detailed facts,

but in order to offer to the reader a survey of the subject
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possessing any degree of completeness, it wUl be necessary to

include a section dealing directly with the more important

groups of metals and alloys.

In dealing with the subject in the manner just indicated it

will not be possible to retain any direct connection with the

chronological order in which the various branches of the

subject have been developed. Historical references, however,

are of little direct importance to those making their first

acquaintance with the subject, and little space can be devoted

to them in the present volume. The history of the subject is,

however, largely contained in the references to original papers

which are given at the end of each chapter. A very brief

general outline of the history of the subject is all that can be

given here.

Observations on metals in some form or other go back as far

as the uses of metals themselves, and metal objects of very

great age have been found in the East. In that very vague

sense, therefore. Physical Metallurgy may well lay claim to

great antiquity. On the other hand, as a more or less self-

contained science, it is of quite recent date. The great modern
growth of interest in the detailed study of metals has, in fact,

arisen from the remarkable results which have flowed in

the first instance from the application of the microscope

and the pjnrometer to the examination of metals. The
first systematic application of the microscope to the study of

metals was made by Henry Clifton Sorby, of Sheffield, in the

year 1864. Sheffield is rightly proud of her distinguished son,

who thus laid one of the foundation stones of our science.

There is, however, less ground for local pride in the fact that,

although Sorby lived among workers in steel who should have
been the first to value the work which he did in their midst,

yet that work was allowed to fall into forgetfulness. The
whole matter was, indeed, completely neglected, both in

Sheffield and elsewhere in England, until it had been indepen-

dently taken up by Martens in Germany and Osmond in France,

neither of whom were aware of Sorby's earher work. Among
other early workers in this subject may be mentioned Werth,
Grenet, Charpy and Le Chatelier in France ; Heyn, Wiist
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andTammanninGtermany ; Andrews, Arnold, Roberts-Austen

and Stead in England ; and Howe and Sauveur in America.

The fact that the present author was privileged to count

Roberts-Austen and Osmond among his personal friends, and
that Arnold and Stead are still actively at work in this field,

serves to show how very recent this whole development has

been. Another sign of the same kind is that ten years ago

there was not only no text-book of Physical Metallurgy, but

not even a book or manual on metallography in existence, so

that students of the subject were restricted to the reading of

original papers, many of which—^as is often the case with a new
and rapidly developing subject—^were of a decidedly contro-

versial character.

The mechanical properties of metals have, of course, been

studied both by engineers and physicists for a very long time,

and in that direction also our science is of no recent origin.

Galileo was probably one of the first to make a strength test on

a metal, since he determined the length of a copper bar which,

if suspended vertically, would just break under its own
weight C). Curiously enough, this method of stating the

strength properties of a metal has recently been revived under

the term " specific tenacity "
{*), for the purpose of allowing

comparisons on a sound basis between light alloys of consider-

able strength and other materials, such as steel, whose greater

strength is more or less outweighed by their higher density.

As a matter of fact, however, the men of the earher middle ages

had little interest in the strength of metals, except possibly

in regard to arms or armour. The great architectural achieve-

ments of the " Gothic " period, although dependent upon some

fair knowledge of the laws of equihbrium and stabihty, called

for little knowledge of the strength of materials, since in these

great structures of stone the material is entirely in compression,

and stone possesses great strength against this type of stress.

Consequently, even in the absence of accurate knowledge, the

Gothic builders rarely overloaded their material so far as

compressive strength goes, although they did frequently

overload the foundations of their buildings.

It was really the requirements of bridge-building that began
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to lead engineers to undertake mechanical tests of their

materials, and early efforts in that direction are associated in

France with the names of Perrouet, Rondelet and Labardie,

and in this country with Brunton and Brown, Bramah,Fairbaim
and Hodgkinson. Probably the first tensile testing machine

provided with an hydraulic ram for the application of the load

and a lever for its measurement was installed at Woolwich

Arsenal before 1837, the early applications of the hydrauUc

press being, of course, associated with the name of Bramah.
Somewhat later came the work of Eaton Hodgkinson, who
described his experimental researches on the strength of pillars

of cast iron and other materials in 1840, while the work of

Fairbairn followed in 1850. Since that time there has been a

steady development in mechanical testing appliances, some of

those most prominently associated with this movement being

Kennedy, Unwin, Ewing, Baker and Kirkaldy in this country,

and BauschLnger and Martens in Germany.
With regard to the magnetic, electrical and other properties

of metals, the diversity of subjects is so great that it is difficult

to indicate even outstanding events in the history of the subject.

The whole trend of events, however, can be briefly summarised
to this effect, that all the properties of metals—^including their

mechanical properties—^have been studied and investigated in

the first place essentially for their own sake or for the light

which they might throw upon that particular branch of know-
ledge with which they were concerned. It is only quite
recently that the grouping together and the correlation of all

these properties has been undertaken and that these things
have begun to be studied not so much for their own sake as for
the light which they could throw upon the nature, structure
and constitution of metals. It is this manner of regarding the
properties of metals and the methods of studying them that
has brought into being the new science of Physical Metallurgy.
But on the other hand this very development owes its inception
very largely to the fact that the exploration of the internal
structure and constitution of metals and alloys which consti-
tutes modern metallography has itself thrown so much light
upon the nature and behaviour of metals that it has awakened
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interest in all the properties of metals and has stimulated

efforts in their study by holding out promises—^which in many
cases have already reached fulfilment—of still further valuable

light, where light is so much needed, in that region of compara-

tive mystery and imperfect knowledge which stiU lies much
too near the whole field of our most important materials of

construction and technical use.
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PAKT I.

THE STRUCTUEE AND CONSTITUTION OF

METALS AND ALLOYS

CHAPTER II

THE MICKOSCOPIC EXAMINATION OF METALS

Since the whole subject of Physical Metallurgy is to be

treated in the present book largely from the point of view of

the internal structure of metals, it becomes essential to under-

stand at the outset the manner in which that structure can be

studied. This study is undertaken principally by the aid of

the microscope, and the present chapter will therefore deal

with the preparation of specimens of metal for microscopic

examination. In this branch of the subject, as indeed through-

out the book, more attention wUl be devoted to the principles

underlying the various operations and the laws which govern

them than to the detailed description of apparatus or of

experimental methods.

Looked at in the ordinary way, metallic objects possess an
appearance of complete homogeneity, but the existence of a

structure at once becomes obvious when a piece of metal is

broken. It is not surprising, therefore, that Martens began
his work on the apphcation of the microscope to the examina-

tion of metals by the microscopic study of fractures (^). This,

however, proved a very limited field at the outset, as the

irregularities of fractured surfaces make it impossible to use
more than very moderate magnifications, while the path of the
fracture itself is not necessarily a fair cross-section of the
material

—

i.e., the fracture may, and in some cases does, pick
out a path through a weak constituent. The necessity of
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using cut sections having a plane surface had been recognised

by Sorby, who worked on the strong analogy which undoubtedly

exists between metals and igneous rocks so far as micro

-

structure is concerned. Sorby, having developed the methods

of microscopical petrology by the study of thin sections or

slices of rocks, attacked the corresponding problem for metals.

The use of thin sections through which Ught could be trans-

mitted in the ordinary manner employed for the microscopic

study of organic tissues or of most rocks was, however, soon

found to be impracticable. The earhest objection arose no
doubt from the practical difficulty of grinding and polishing

such sections, since, owing to the opacity of metals to hght, they

would have to be extremely thin—a slice of iron, for example,

in order to transmit even 10 per cent, of the Mght falling upon
it would require to be less than 1 X 10~* milhmetres thick.

Even with more modern resources it would be difficult and

expensive to prepare such sections ; the attempt to do so

systematically for microscopic study, however, has never been

made, since it is now recognised that the very operations of

cutting, grinding and polishing alter the structure of the metal

to a certain depth below the surface, which varies with the

amount of force employed in the processes ; even with very

gentle rubbing, however, alterations of structure to a depth of

one thousandth of a millimetre are produced in all but the

hardest metals (^), and for that reason we should anticipate

that the structure of the very thin shces of metal which would

be required for use with transmitted light would be entirely

altered throughout their thickness by the process of preparing

them. The use of Rontgen rays for the purpose of penetrating

greater thicknesses of metals has been tried by Heycock
and Neville (^) in the case of aUoys of gold and aluminium,

which contain constituents of widely different densities, and

thus afford reasonable contrasts in their power of transmitting

X-rays. When those experiments were made, however, the

technique of radiology was yet in its infancy, and it seems

probable that with modern appliances it might be well worth

while to study this method more thoroughly, particularly with

a view to the use of moderate magnifications.

P.M.
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For practical purposes, at the present time at all events, the

microscopic study of metals is only possible by the process of

looking at suitably prepared surfaces by reflected light ; but

this method has proved sufficiently powerful to yield an

entirely new insight into the structure of metals and alloys.

If any ordinary metallic object is looked at under a microscope,

the surface will generally be found to be covered with markings

—^grooves, scratches, smears, etc.—^which have obviously no

connection whatever with its internal structure, but which

simply owe their origin to the treatment which that particular

surface happens to have received. Even if an ordinarily

" pohshed " article be examined in this way it will be found to

be covered with such accidental markings. The photograph

(Fig. 1, Plate I.) shows the appearance of the " polished
"

brass case in which a microscope objective is kept—^its surface

shows some resemblance to a ploughed field. It is obvious

that if the true structure of the metal is to be observed, the

surface must be treated in such a way as to leave it as free as

possible from any accidental surface markings. This is

accomphshed by the process of polishing by methods which

have been evolved and perfected for this special purpose

;

these methods, however, differ widely from the relatively crude

and rapid processes employed in commercial polishing—

a

difference which arises not only from the more perfect character

of the poUsh required when the surface is intended for examina-

tion under the microscope, but also from the fact that, while

for microscopic study the metal should be treated as gently as

possible in order to avoid disturbance of its structure to any

considerable depth below the actual sTirface, in the commercial

processes rapidity is the principal object, and actions of a
" burnishing " nature are freely utilised without regard to the

internal disturbances which they produce.

The preparation of a specimen of metal for microscopic

examination necessarily begins by the choice of the surface to

be examined. This is a matter in which the knowledge and
powers of observation of the worker come into play to a very
large extent, for the choice of the section must depend in every
case upon the particular object to be attained and upon the
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conditions of the case. Thus where an investigator is studying

the structure of a series of alloys in order to assist him in

understanding their constitution, he will, in general, be dealing

with small experimental ingots, and will, as a rule, find it

desirable to examine an entire vertical cross-section of such

an ingot in order to detect variations arising from any possible

lack- of uniformity of composition from top to bottom, or

effects of variations in the rate of cooling from the centre to

the outside of the ingot. The whole of such a cross-section

may, of course, be inconveniently large for the purpose, since,

as a rule, it is not wise to undertake the preparation of areas

much larger than four or five square centimetres (about one

square inch) in a single piece. Where larger areas are required,

the specimen is best cut up into two or more pieces and each

polished separately.

More complex conditions affecting the choice of specimens

arise where the material to be examined forms part of a larger

mass of metal, whether cast or wrought. In castings there are

the effects of variations in cross-section and rate of cooling, as

well as possible variations in chemical composition, to be con-

sidered, while in rolled or forged metals the influences of

mechanical treatment always produce differences of structure

according to the direction in which the section is cut relatively

to that in which work has been applied. As a rule, therefore,

it win be necessary to cut several sections, in different planes,

from each larger piece of metal to be examined. Where
breakages are under investigation it will further be necessary

to compare the structure close to the fracture, and in the neigh-

bourhood of any fine cracks, with that of the material at a

distance from the fracture. No general rule can be laid down
for the selection of the surfaces to be examined, but it is prob-

ably the mistake which is most frequently made in this con-

nection to examine too smaU a number of specimens, or too

small a total sectional area of the material. Quite apart from

the possibility of finding, by the aid of numerous specimens and

extensive examination, some local feature or defect in the metal,

this extended examination has the further advantage that it

serves to impress on the mind of the observer certain features

02
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of the structure which, while really most significant, are not

very prominent in any single area. Often enough some such

feature is disregarded, even by careful observers, as being

accidental or unimportant, but when the same pecuMarity is

repeatedly observed on a number of sections it begins to make
its proper impression on the mind, and thus saves the investi-

gator from overlooking an important line of evidence. It has

several times been the experience of the present author that,

on examining the first few sections of a piece of metal which

had shown entirely abnormal mechanical behaviour, no ab-

normal structural feature could be detected, but that by the

prolonged examination of numerous sections the somewhat
less obvious, but none the less real, abnormality was noticed

and ultimately traced to its origin.

The rule thus indicated, of examining the largest possible

number of specimens, need not, of course, be followed in a con-

siderable number of cases—where either the examination of

the very first section shows an obvious and unmistakable

feature of a kind which must repeat itself throughout the mass
of metal, or in cases where the microscopic examination is

imdertaken for the specific purpose of determining whether the

material exhibits some special feature, such as segregation, or

the typical coarse angular structure due to overheating. The
whole question of the choice and number of sections to be

examined is thus a matter essentially for the judgment of

each worker, and what has just been said can only serve as a

rough guide.

The manner in which a specimen of convenient size for

purposes of polishing should be cut off from the rest of the

material will, of course, depend upon the size and shape and
nature of the object in question. This is, however, a simple
question of a kind which constantly arises in all engineering

workshops, and requires no further consideration here beyond
the remark that in every case care must be taken to avoid any-
thing which may affect the structure or constitution of the
metal to be examined. Thus the modern methods of cutting
metal by the aid of the oxy-acetylene blow-pipe must be
avoided, or at least carefully controlled, if employed for the
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present purpose, since the temperature attained by the metal,

even at a considerable distance from the line on which the

blow-pipe has been used, is quite high enough to alter the struc-

ture appreciably, and thus—^possibly—^to efface the very

features which the microscopic examination is intended to

detect. The use of such a method of cutting must, therefore,

always be looked upon with suspicion, particularly as it is not

impossible that the process may be intentionally resorted to by
some interested party with the direct object of interfering with

the microscopic diagnosis of the case. Violent mechanical

methods, such as shearing or punching, or breaking off by blows

after preliminary nicking, are also to be avoided, since these

processes are also liable to introduce disturbing features into

the microscopic appearances presented by the metal.

,
When a piece of convenient size has been obtained in some

satisfactory way—and in a great many cases it is simply a

question of the skilful use of a simple hack-saw for a few

minutes—that surface of the piece which corresponds to

the section selected for study must first be cut down to the

nearest possible approach to flatness. This may be done

either by means of the file or the grinding wheel. There is no
doubt whatever that the latter is far preferable. The necessity

of gripping the specimen in the vice—with its attendant risk

of mechanical injury and distortion—^is entirely avoided ; but

a much greater advantage lies in the fact that the process of

grinding, particularly in the case of the softer metals, causes

much less disturbance of the metal below the surface. It is

found that the marks, particularly of a rough file, are difficult

to remove entirely by the subsequent rubbing on comparatively

fine emery papers, and, even when apparently completely

effaced, there appear to be residual regions of disturbed

structure for a slight depth below the deepest file-cuts. The
individual cuts produced by the grains of emery or carborun-

dum in a wheel are much smaller and more numerous than the

cuts of a file, and the disturbance which they cause does not

penetrate so far into the substance of the metal.

A disadvantage which attaches to the use of the grinding

wheel in the ordinary way is that the specimen rapidly becomes
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heated by the energy dissipated in friction at the grinding

surface. This heating is not intense enough to affect a great

many materials, but in others—such as hardened steel—serious

changes may easily be caused by this rise of temperature. In

any case, however, it is far safer to guard against this heating

by constantly dipping the specimen into cold water and never

holding it in contact with the grinding wheel long enough at a

time to allow it to become seriously heated. This process of

repeatedly removing the surface from contact with the wheel,

however, makes it difficult to grind anything like a flat surface,

since the angle of contact is apt to change shghtly every time.

This results in the formation of a fresh facet on the surface

every time it is brought against the wheel, and, finally, a some-

what convex surface is produced. This is extremely imdesir-

able, since it not only renders the subsequent polishing opera-

tions more difficult, but also interferes with the definition of

the images furnished by the microscope from the finished

specimen.

In order to avoid some of these difficulties and at the same

time to render the whole grinding operation less violent, the

author has adopted the use of large, slow-running grinding

wheels. Those actually employed have a diameter of ten

inches and run at speeds of approximately seventy revolutions

per minute. Grinding with these is, of course, much slower

than with the ordinary wheel running at several thousand

revolutions per minute, but the sKght loss of time is more than

compensated by the fact that, first, the specimens do not get

seriously heated even after several minutes of continuous

grinding, and, second, it is easy to replace the specimen in

contact with the grinding wheel—^if it has been taken away for

purposes of examination—by the simple method of feeling for

the position of best contact. With a fast-running wheel a

fresh facet is formed at the very first instant of contact, and
any endeavour to adjust the position of the specimen merely
results in grinding a curved surface. With the slow-running

wheel one has time to get the specimen adjusted in its former
position before material grinding has taken place. A further
advantage of the slow-running wheels is that the " cut " of the
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abrasive is not so deep and does not cause so much internal

disturbance as that of a wheel of the same grade running at a

high speed. In actual practice the use of these slow-ruiming

wheels has been found to effect a material saAring of time over

the whole process of grinding and pohshing.

Although the grinding process by the use of rotating discs

armed with abrasives can be carried right down to the finest

available grade of emery, etc., this is not found desirable. The
objection to mechanical violence becomes greater as the grade

of abrasive becomes finer, for the simple reason that less of the

material remains to be removed in the subsequent operations,

so that any disturbances produced are hkely to remain behind,

only to be detected when the poUshed surface is chemically

attacked in that stage of the process known as " etching."

For that reason many workers, including the author, employ

the finer grades of abrasive entirely by hand, using the well-

known device of turning the specimen through a right-angle on

passing from one grade of emery to the next finer one. In this

way it is possible to see that the visible scratches left by each

grade are completely effaced by those due to the finer grade.

Ultimately the surface of the specimen is left covered with a

system of more or less parallel scratches or marks from the

finest available grade of emery, and these are then removed by
the process of polishing proper, which is usually carried out by
means of a rapidly revolving disc, covered with soft cloth or

leather, and fed with water and some form of " pohshing

powder." If the emery grinding has been correctly carried out

at every stage, the final removal of the emery marks by the aid

of the wet disc should not occupy more than four or five minutes

with specimens of steel of the size indicated above. If a longer

pohshing process is needed some of the earher stages have not

been properly carried out, and a really satisfactory metallo-

graphic poMsh will not be obtained. With softer metals the

conditions may be somewhat different, and success in pohshing

these is a matter requiring the most scrupulous care ia regard

to cleanliness throughout the entire operation, and also a

certain degree of skill, which is only acquired by prolonged

experience and requires something of a natural gift of touch.
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Extreme difficulties of this kind are only met with in dealing

with such metals as lead or thalUum, but to a lesser extent

they are also encountered with aluminium and, in a decreasing

degree, with copper, brass and bronze.

Although in the first place the operations of grinding and

poHshing are of interest from the point of view of experimental

practice, careful study of the phenomena connected with them

has led to most interesting results—in the first instance at the

hands of Beilby (<)—and although these can only be considered

in detail at a later stage, when the whole theory of the amor-

phous condition in metals will be discussed, some reference to

them is required at this point in order to afford some insight

into the real meaning and nature of the operation of polishing.

The nature of the processes involved in ordinary cutting

operations are now fairly well understood. Essentially the

action of an edged cutting tool consists in bringing to bear upon

a very small area of metal a stress sufficiently intense to produce

rupture. Obviously, however, although actual rupture is

confined to a single line or surface, severe strain will be pro-

duced in the immediate vicinity, so that in an ordinarymachined

or filed surface the visible grooves are accompanied by corre-

sponding sub -surface regions of strained metal. This region

will be deeper, the deeper the " cut " which has been taken and

the greater the force which has been employed, and also the

blimter the tool

—

i.e., the larger the area to which the intense

pressure of the tool has been appHed. When a grinding-wheel

or emery paper is substituted for a file, then the same process

continues, at all events so far as the coarser grades are con-

cerned, only that the actual cutting edges of the individual

grains are exceedingly minute and sharp, while the depth of

cut taken by each of them is very small. Consequently the

depth of disturbed metal beneath the surface is correspondingly

slight, particularly if the emery grinding is done gently.

There are, however, other actions which accompany the
cutting and grinding process, and these—although unimportant
when a coarse cut is being taken—become predominant when
the finest grades of abrasive are employed. A fuller under-
standing of these actions will be obtained when the chapter on
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the efEects of strain on the structure of metals is studied, but

for the present it will be sufficient to state that severe mechanical

strain may in certain conditions break up the essentially

crystalline structure and convert the metal locally to an

intensely hard and brittle amorphous condition. In the

process of such transformation from the crystalline into the

amorphous, however, it appears that the metal passes through

a temporary or transition stage in which it is capable of under-

going a certain small amount of flow, much hke a viscous

liquid such as pitch or ordinary oil paint. Now when oil paint

is somewhat thickly appUed with a brush, the bristles of the

brush as they pass along the surface leave behind them a

system of ridges and furrows similar to those after filing or

rubbing on emery paper. In the case of the paint, how-

ever, the viscous hquid, acting under the influence of

surface tension, gradually rounds out and smoothes over these

ridges and grooves, finally assuming the smooth surface typical

of a liquid at rest before it sets hard enough to prevent further

flow. Now, as Beilby has shown, this analogy is so far

complete that in metals, too, the sharp angular grooves left by
the abrasive grains show a considerable tendency to become

smoothed out. When the grooves are still fairly coarse the

distances involved are too large and the metal does not retain

its mobihty long enough, nor is a sufficient quantity of dis-

turbed metal available to smooth out the furrows to a notable

extent. When, however, the grooves become very fine—as

they do with the use of the specially fine grades of emery paper

employed for metaUographic work—^then the effects of this flow-

ing action become important and quite easily visible under high

magnifications. The grooves left by these very fine abrasives

" run together " and show the pecuhar broken-up, drop-like

forms which are typical of the efEects of surface tension.

Fig. 2, Plate I., shows a photograph, imder a magnification of

150 diameters, of such a system of grooves or scratches. This

photograph was taken from a surface as obtained direct from

a No. 000 emery paper, without subsequent treatment of any

kind.

Now when such a surface is subjected to the action of a
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with rouge it occasionally happens that particles of rouge are

subsequently exuded from the pohshed surface.

It is a further significant fact in this connection that not

every finely-divided substance can be successfully employed

as a polishing agent. This might perhaps be ascribed to

variations in hardness or in the shape of the ultimate particles,

but such suppositions do not account for the fact that all the

good poBshing materials—such as alumina, magnesia, rouge,

putty powder, oxide of chromium, etc., belong to one particular

chemical class, viz., that of oxides. Now many metals are

known to possess the power of dissolving their own oxides, and

this property may have some considerable bearing on the

polishing action of these bodies. At all events, if the pohshing

agent is forced to interpenetrate the surface layers of the metal,

the " forced solution " thus formed may well exhibit a greater

degree of mobihty than the pure metal—just as the mobihty

of a metal is increased by the addition of a second alloying

metal which lowers its melting point.

By the combined mechanical and chemical actions of the

pohshing disc and powder the surface layers of molecules are

given a certain degree of temporary freedom, and are thus able

to form a smooth " polished " surface, such as that of a hquid

at rest. Indeed, if we look at the really smooth surfaces found

in nature, we see at once that, apart from the faces of single

crystals, they are all surfaces of liquids—even ordinary sheet

glass has a natural smooth surface, known as " fire poUshed,"

because it is simply the congealed smooth surface formed on

the glass when it was fluid. It is thus interesting to see that

poHshed surfaces are in reality also formed by the smoothing

out of an extremely thin fluid layer under the action of surface

tension.

From the point of view of practical metallography this view

is of particular importance, because it serves to explain a

number of features which are met with in polished surfaces.

One of the most striking and, at flrst sight, perplexing of these

is the manner in which an apparently perfectly poHshed surface

shows, even after very shght etching, a number of scratches and

holes which were certainly not visible before. The beginner



28 STUDY OF PHYSICAL METALLURGY

is apt to assume that he has somehow managed to scratch the

dehcate polished surface during the handling of the specimen

while he was etching it, but, although this may occur to some

extent, yet such scratches and grooves still make their appear-

ance even if the utmost precautions are taken to avoid all risk

of injury to the surface. The real cause of this phenomenon is

that these grooves and scratches were really present all the

time, but that they were filled up and covered over by the

amorphous layer which was formed during polishing. This

layer is at once removed, more or less completely, when the

surface is attacked by some etching reagent, and the original

markings are thus laid bare. This fact can be readily verified

by photographing a marked place on a specimen which shows

some well-defined features of this sort after a first etching.

Then let the surface be re-poMshed on the disc (without the

intervention of any emery grinding) until all signs of the mark-

ings have disappeared ; then, if the surface be again etched,

it will be seen that the deepest and most prominent of the

original markings have reappeared. The extent to which this

recrudescence of scratches, etc., will take place will depend

entirely upon the depth of the markings left on the surface

before polishing was begun, and it is in order to minimise annoy-

ance and delay, or even error, from this cause that the use of

gentle methods of grinding and pohshing is advocated here.

The appliances to be employed for pohshing, being of a

simple mechanical kind, need not be described here, but a few

words are required in regard to the material of which the

pohshing disc, or rather its working surface, should be made,

as well as to the pohshing powders to be used.

For the great majority of ordinary work the pohshing disc

is best covered with some soft material, such as fine wash-

leather, " Selvyt," or best quahty wooUen cloth of the kind

used for liveries. The latter material gives much the longest

wear, and, if the right quahty is obtained, gives very satis-

factory results. " Selvyt " pohshes very well, but wears out
rather rapidly, while wash-leather is not particularly well

suited to the modern polishing powders, such as alumina or

magnesia, although it worked excellently when rouge was
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universally employed. For extremely fine work, where the

erosion of soft materials and the rounding off at the edges of

minute holes which results from the use of thick, soft fabrics

for poUshing is objectionable, the best material is old, well-

worn and washed calico, used in several thicknesses. It may
be possible to " age " this material artificially, but, if purchased

new, it is never successful—^the fibre appears to be hard enough

to scratch the metal, even in the case of steel. A still less

jdelding bed for polishing purposes is formed by pitch, which

is widely employed for the pohshing of glass. Glass, however,

is much easier to polish than metals, and in the author's hands

pitch has never proved very satisfactory.

In the early days of the microscopic study of metals rouge

was practically the only polishing material employed. It is the

merit of Le ChateHer to have drawn attention to the fact that

certain other substances yield a polish at least as good as that

given by rouge and attain that object with much greater speed.

Le Chatelier (^) at the same time described an elaborate method

for the preparation of these new and superior pohshing media,

such as alumina, oxide of chromium, etc. While the materials

prepared by his method are very excellent, the methods them-

selves are lengthy and expensive, as the yield of useful pohshing

powder is decidedly small compared with the cost of such

materials as ammonia alum, ammonium chromate, etc. Many
of these materials may at the present time be purchased com-

mercially, while the best quality of " heavy oxide of magnesia,"

if carefully sifted and kept from the air and moisture, serves as

a very good substitute. Alumina may, however, be prepared by
the direct oxidation of metalhc aluminium. This can be

brought about by inoculating the metal with a little mercury,

when oxidation proceeds rapidly for a time. The product,

kept free from dust or other contamination, is an excellent

pohshing powder.

When a properly pohshed surface has been duly obtained by

the processes which have just been discussed, it will be found

that under the microscope such a surface appears a nearly

featureless blank—the more nearly perfect the pohsh, the fewer

are the features to be seen on the surface. If the surface is
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examined under a low magnification—say fifty or one hundred

diameters—and with obUque illumination, a very severe test

of the perfection of the poHsh is obtained, since under these

conditions, especially if the specimen is rotated, even the

minutest scratch or hole becomes apparent. For most pur-

poses, however, no such searching test is required, and a surface

can generally be regarded as fairly satisfactory if under a

magnification of one himdred diameters and " normal

"

illumination the field of view does not show more than one or

at most two fine scratches and few or no holes. The few

remaining scratches and defects do not as a rule interfere to

any material extent with the subsequent examination of the

structure, and it is a useless expenditure of time and energy to

strive after greater perfection of pohsh except for very special

purposes. When the metal under examination is an alloy con-

taining constituents which differ very considerably in hardness,

the poHshed surface is not generally a featureless blank, since the

process of polishing usually erodes the softer constituent and

leaves the harder one sUghtly in rehef—this " rehef polishing
"

is seen as a faint pattern under the microscope, but its indica-

tions are not always to be rehed upon, and it is to be regarded

as rather an undesirable feature.

Li order to afford any insight into the structure of the metal,

the pohshed surface of a specimen must be treated in some way
calculated to produce a surface pattern corresponding to the

section of the internal structure presented by the pohshed

surface. As we have seen, over the poHshed surface itself is

spread a very thin film of amorphous metal, fiUing up and

smoothing over not only the surface irregularities originating

from the mechanical treatment, but also the irregularities of

structure of the metal itself. This surface film must, there-

fore, first be removed more or less completely by the action of

some suitable reagent. Accordingly we find that the universal

practice is to " etch " the surface by means of some reagent
which slowly attacks and dissolves the metal. The amorphous
surface film is more readily attacked than the rest of the metal,

and is thus rapidly and easily removed. The subsequent
action of the etching agent then depends upon the nature of
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the agent and upon that of the metal to whioh it is apphed.

The reagents most frequently employed are weak organic acids

or dilute solutions, in alcohol or water, of mineral acids. In

the early days of the science dilute nitric acid, varying from a

strength of 1 per cent, in alcohol to 0-1 per cent, in water, was

very widely employed. The tendency of nitric acid to cause

uneven oxidation and consequent tarnishing of the surface,

particularly of iron or steel, has, however, led to its almost

complete abandonment in favour of more rehable and satis-

factory reagents. For iron and all its alloys a solution of

picric acid in alcohol (either 4 per cent, or saturated) is now
almost universally employed, although nitric acid much diluted

with amyl alcohol, and hydrochloric acid in ethyl alcohol, are

also useful. For other metals and alloys special reagents are

employed in nearly every case. Copper and its alloys are

frequently etched with a solution of ferric chloride acidified

with hydrochloric acid, while for aluminium and its alloys

either caustic soda, hydrochloric acid containing a small

addition of nitric acid, or hydrofluoric acid are frequently

employed. The exact choice of an etching reagent, although

a matter of considerable importance, is a question of the

chemical relationships of the metal or aUoy under investigation,

and it is not possible to consider these matters in detail here.

The reagents just mentioned all act in the same way, viz., by
the gradual solution of the metal—a process which is of the

nature of a gradual unbuilding of the structure of the metal

from the surface downward. It is obvious at the outset that

such a process must not be carried very far, otherwise con-

siderable surface irregularities will be produced and the plane

character of the surface, so necessary for microscopic examina-

tion, wiU be destroyed. The extent to which etching may be

carried depends, in fact, upon the magnification with which it

is desired to examine the metal. In the case of mild steel to

be examined under a magnification of 1,000 diameters, an
etching with picric acid for a period of five seconds is satis-

factory ; if the same steel is to be examined under a magnifica-

tion of one hundred diameters, it is preferable to carry the

etching on for thirty seconds in order to obtain a clear, brighj.
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image, but the surface thus treated would be too deeply

attacked to be readily focussed under the higher power. When
the surface is to be examined under very low powers indeed, or

with the unaided eye, then the etching process must be carried

very much further, and it is usually preferable to employ an

agent which acts more rapidly, such as—^in the case of steel

—

dilute sulphuric acid or a 10 per cent, solution of copper-

potassium chloride.

The chemical attack, or structural unbuilding of a metal by

means of an etching reagent, however, does not take place

uniformly over the entire surface ; the exact manner in

which the attack takes place depends upon the character

of the metal, i.e., whether we are dealing with a simple or a

duplex material. The " simple " material here understood is

one in which only a single constituent is present and in which

all parts of the metal are of exactly the same chemical com-

position ; in the case of a duplex structure, on the other hand,

the surface is made up of two different constituents which

differ in chemical composition. Li the latter case we usually

find that one of the two is electro-positive to the other

to such an extent that chemical action is almost entirely

confined to the one, while the other remains unaffected until

the etching process has been carried to a very considerable

depth. In these circumstances we find that the more easily

attacked constituent is roughened by the etching reagent, with

the result that, as will be more fully explained below, it appears

dark under the microscope, while the more resistant constituent

remains smooth, and consequently appears bright under the

microscope. The result is the formation of a sort of mosaic

pattern, which is really a sectional plan or map of the structure

of the metal.

In the case of a pure metal, or of an alloy having only a

single constituent, there can be no such preferential attack on

one constituent with corresponding protection for the other,

and one would at first sight expect such a pure metal to be

uniformly attacked all over without the formation of any
pattern at all. Actually this is the case to this extent, that an
etching reagent which produces a well-marked pattern on a



THE MICROSCOPIC EXAMINATION OP METALS 33

duplex alloy in a few seconds produces no visible pattern at

all on a pure metal in the same period of time. If the attack

is continued, or if a more rapidly acting reagent is used, how-
ever, a very definite pattern is produced—the uniform surface

of the specimen is found to become divided up into more or

less polygonal, but somewhat irregular, areas bounded, appar-

ently, by black Hnes when seen under normal illumination.

We shall see in a later chapter that these polygonal areas are

in reaHty sections of the crystals of which the metal is built

up, and that each of them has been dissolved to a different

depth according to the direction in which the plane of the

section has cut through the crystal system in each individual

case. For the moment it is sufficient to note that the slower

rate of etching observed with pure or " simple " metals as

compared with duplex alloys arises from the fact that, while

in the latter case there are chemical differences between the

two constituents, the various crystals of the pure metal are

chemically all alike, but differ merely in crystalhne position or

" orientation." In etching a pure metal, therefore, we are

dependent upon very minute differences of chemical activity,

and there is a corresponding difficulty in preventing the inter-

ference of accidental circumstances which tend to produce

stains or even spurious patterns on the surface. Much greater

care must, therefore, be taken in both the polishing and etching

operations when pure metals or " simple " alloys are dealt with

than in the case of duplex alloys.

The method of gradual chemical attack or solution is not the

only one open for the purpose of developing a structural

pattern, as it will be readily understood from what has been

said above that any process which acts differently upon the

various constituents or upon the individual crystals of a single

constituent will develop the structural pattern. The process

of " rehef pohshing " has already been mentioned, but by
itself it does not jdeld satisfactory results. It has however,

been employed successfully, in the first place by Osmond (*),

in combination with a very mild form of chemical attack, thus

constituting what is known as " polish attack." Here the

pohshing process is carried on in the presence of a sHghtly

P.M. D
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corrosive liquid which would not, by itself, produce satisfactory

etching in any reasonable time. Combined with the polishing

action, however, an exceedingly uniform and very gradual

etching is obtained. The resulting patterns generally consist

entirely of fine hnes indicating differences of level or depth, and

there is Httle roughening or darkening of the attacked surface.

Another method of developing the structural pattern of a

poUshed surface is by the formation of surface films, whose

thickness varies according to the constituent of which each

particular element of the surface consists. These surface films

may be formed in various ways. One of the best known is the

process of " heat tinting," first developed by J. E. Stead ('),

where the specimen is heated in contact with air, and surface

films are formed by the gradual oxidation of the metal. The
depth of film formed at any point varies according to the

chemical composition of the metal at that point, and the sur-

face becomes more or less deeply coloured accordingly. Stead

has employed this method for a variety of purposes, but

primarily for detecting the distribution of phosphorus in iron

and steel. The presence of very small proportions of this

metalloid produces a marked effect on the rate of oxidation of

iron, with the result that very clear and beautiful patterns are

obtained. A word of caution is, however, needed. The use

of the heat-tinting method requires, in the first place, a per-

fectly clean surface—soHd or liquid matter of any kind remaia-

ing on the surface affects the rate of oxidation and spoils the

resulting pattern. Beyond this, however, the heat-tinting

method is peculiar in that there is no material removed from

the " etched " surface. As a consequence of this pecuHarity

it follows that the amorphous surface film which, as we have
seen, is formed during the pohshing operation, is not removed
by the process, and if there has been any material amount of

" smearing " of the amorphous forms of the various consti-

tuents over one another, the boundaries of these constituents,

as revealed by the oxide films, may not strictly correspond to

the internal structure. It is, therefore, always safer to etch a
polished surface very Ughtly with a weak or dilute acid before
undertaking heat-tinting, since such a proceeding certainly
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removes the amorphous surface film. The thickness of such

a film being very small in the case of hard materials hke iron

or steel, this precaution is not so essential with these metals

as it is with softer ones like copper or its alloys.

Surface films somewhat similar to those produced by the

oxidation process which is employed in heat-tinting may be

obtained in other ways. With metals containing silver or

copper, exposure to an atmosphere containing hydrogen

sulphide gas is sufficient to bring about a development of sur-

face colours, but this is not very easily graduated to the right

extent. Another and much more promising method was first

employed in deahng with the alloys of copper and tin by F.

GioUitti {^), and has recently been worked out more particu-

larly for the case of steel ; it consists in bringing about upon
the surface a very gradual deposition of metalhc copper by a

process of electro-chemical replacement. When a piece of iron

or steel is exposed to contact with a solution containing a

copper salt, the iron is attacked, a portion of it passes into

solution, and an equivalent quantity of copper is deposited as

a film on the surface of the iron. As a mere method of etching,

employing copper salt solutions as solvents for attacking

iron or steel, this process has long been used, Hejoi (^) having

employed solutions of copper-ammonium chloride for revealing

more especially the details of crystalline structure, and also

for that deep form of etching used when the surface is to be

examined for its broad features without the use of magnifica-

tion. The present author, together with J. L. Haughton (^''),

has quite recently found that, when a suitable solution con-

taining ferric chloride, hydrochloric acid, cupric chloride and
stannous chloride is employed, the copper is deposited in a very

interesting manner. In a very pure, mild steel, for instance,

it is found that the appearance of the constituents as seen after

" etching " with this new reagent is exactly the reverse of that

seen after etching with picric acid ; when, however, the steel

contains impurities—as all commercial steel does—^which are

not present as separate micro-constituents, but are diffused in

solution throughout the metal, the effect of the new reagent

varies according to the amount of such impurity present at

d2
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each point of the metal. The purest part of the iron appears

to receive the deepest deposit of copper. Accordingly, in a

steel containing phosphorus, the deposition of copper affords

a picture of the phosphorus distribution exactly similar to

that obtained by heat-tinting. The copper deposition method

is, however, very much quicker than heat-tinting.

The process of etching is not quite the last which the speci-

men must undergo before it is ready for microscopic examina-

tion. When removed from the etching bath, the specimen

must be very thoroughly washed in order to remove all

traces of the etching reagent. This is essential, not only in

order to arrest the etching action at the desired point, but also

in order to prevent the surface of the specimen from being

subsequently disfigured by the formation of crystals of the

etching reagent or its salts. This is very apt to occur in the

case of specimens containing holes or cracks into which the

etching solution finds its way ; there it evades the washing,

unless that is carried out very vigorously, and then it creeps

out and spreads a fringe of crystals around the edge of the crack

or cavity. This can be prevented only by washing the speci-

men under a strong jet of water for several minutes.

For many purposes it is then quite sufficient to dry the

surface of the washed specimen by gently wiping it with a clean,

old handkerchief, although this is liable to produce a few

scratches on the surface. Where greater care is required, the

specimen should be washed in absolute alcohol to remove the

water, and it may then be dried by simple evaporation, aided

perhaps by a fan or, better stiU, by a current of heated air.

The alcohol sometimes leaves a slight film where it has last

dried, and this can be avoided by washing the specimen, after

it has been rinsed in alcohol, in clean, pure ether. This is,

however, a somewhat difficult matter, as the ether is such a

good solvent for aU manner of substances that it is very liable

to take up some impurities in the course of a few weeks' use, and
then the ether leaves a worse deposit than the alcohol used alone.

As a rule specimens for microscopic examination are of

somewhat transient interest and need not be kept very long ;

the properly washed and dried surfaces remain useful for
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examination for several days or even weeks if kept in a well-

made desiccator provided with a suitable drying agent—calcimn

chloride is one of the best for this purpose. The specimens

can, however, be given a considerable degree of protection from

corrosion or tarnish by coating them with not too thin a layer

of collodion or celluloid, dissolved in the form of a varnish

in amyl acetate or acetone respectively. The majority of

varnishes of this kind are too thin for this purpose, the tendency

being to jrield a coating of such tenuity that it shows the

interference colours of Newton's rings. By using a rather

stronger solution this can be avoided, and the coat of varnish

is still thin enough and transparent enough to aUow the

specimens to be examined and photographed—even under the

highest powers of the microscope—^without loss of definition

and without removal of the varnish. Specimens thus protected

will keep for several months without tarnishing materially.

In the case of iron and steel specimens permanent preservation

is possible in another way, viz., by storing the specimens

immersed in a solution of chromic acid or of one of the other

reagents which render iron " passive." Not only do the

specimens remain free from rust while immersed in such a

liquid, but, if carefuUy handled, they retain their passivity for

some time after they have been removed from the liquid.
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CHAPTER III

THE METALLXTEGICAL MICEOSCOPE

Whilb it would lie beyond the scope of this volume to offer

any attempt at a complete account of the theory of the

microscope or a detailed guide to practical microscopy, it is

perhaps desirable to deal with this aspect of our subject to a

certain extent. A rudimentary knowledge of the principles

which underhe the working of the modern microscope is

essential if that instrument is to be used to full advantage, and

while there are many admirable treatises dealing with the

microscope as such, they generally approach the subject from

the standpoint of the more usual uses of the microscope where

the apphcation of the higher powers is confined to the study

of thin transparent sections. The apphcation of the instru-

ment to the study of metals, where we have to examine approxi-

mately flat surfaces by reflected light, introduces a series of

different conditions. A further justification—if such were

needed—^for the introduction of a chapter on the microscope into

the present volume is provided by the numerous evidences of

the abuse or inadequate use of the microscope which is furnished

by the photo-micrographs published with some otherwise

valuable papers on metals.

We may begia by considering the manner of illuminating the

metal surfaces which have been polished and etched for micro-

scopic examination. We are confined to reflected light, but

the incident fight may be made to fall upon the surface either

obfiquely or normally, and these two alternative methods are

both employed. Obfique illumination, produced when a

suitably arranged beam of light falls upon the metal surface

from some direction outside the lenses of the microscope, is in

many ways the simplest, since no special appfiances or fittings

are required. Its use is of considerable importance and value
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particularly where it is a question of recognising the differences

of level and other features of the surface configuration. On
the other hand, the use of oblique light is bounded by certain

limitations. In the first place, the character of the optical

effects produced by this mode of lighting is pecuhar and in

some respects exaggerated or distorted ; minute surface

defects are apt to become unpleasantly prominent, and slight

differences of surface texture appear as vivid contrasts of

brightness. This exaggerated

character becomes increasingly

apparent as the light becomes

more oblique. Accordingly, the

use of obUque lighting is confined

to the lower powers of the

microscope (the 16 mm. is the

highest power of the Zeiss

apochromatic objectives which

can be usefully employed in

this way). With higher powers

the free distance between the

mount of the lens and the

surface under examination is

too small to allow an oblique

beam to reach the surface at a

reasonable angle. A further

difficulty in the use of oblique

light lies in the fact that the

proportion of the incident light

which is reflected into the microscope is very small, so that the

images are not as a rule bright enough to lend themselves to

photography. The extreme contrasts of light and shade also

render photography difficult and the result unsatisfactory,

except in special cases.

The second, and most widely used, mode of lighting metal

specimens under the microscope is generally known as " verti-

cal " illumination, although it is more correct to caU it normal

illumination. By this method the light is caused to fall upon

the surface of the specimen in a direction at right angles to that

P^ B
Fig. 3.—^Diagram of " Vertical

"

or Normal Illuminators.
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surface, i.e., if the microscope is used in the vertical position

(which is—^by the way—a very undesirable practice), then the

light falls upon the specimen vertically from above—hence the

term " vertical illumination." The manner in which this

mode of illumination is obtained is shown diagrammatically in

Fig. 3, A and B. Both figures represent sectional views of a

microscope and metal specimen, with indications of the paths

of light-rays. In A we see at xy the section of a small disc of

very thin, plain glass placed at an angle of 45° across the axis of

the microscope, directly opposite an aperture in the side of the

tube. The light enters the instrument at this aperture and

falls upon the disc of glass, which allows the greater part of the

light to pass through ; a certain small proportion, however, is

reflected by the surfaces of the shp of glass, and is thus directed

downward upon the back of the objective lens of the micro-

scope, shown at in the figure. This lens condenses the light

and produces a relatively bright spot of light upon the surface

of the specimen. The light reflected by the surface of the

specimen is collected by the objective and passes upward on

its way to form the image in the instrument ; in its upward

path, however, it again encoimters the thin shp of glass and,

although this time the greater part passes through unchanged

to the image above, a part is reflected and returned to the

source of Ught outside the microscope. It will be seen that

this method of illumination is very wasteful of light, but for

ordinary eye observation no great intensity of illumination is

really wanted and for photographic purposes a very powerful

source of light—such as an arc lamp—can be used. Apart

from the question of intensity of light, the use of such a plain

glass reflector has the advantage that it is possible to obtain

perfectly axial (central) illumination, with no tendency to

throw shadows towards one side more than another. On the

other hand, all the rays that go to form the image have to pass

through the slip of thin glass, and this undoubtedly affects the

perfect sharpness of the image, so that for the highest magnifica-

tions and the greatest clearness the use of the glass reflector is

inadmissible. Another and perhaps more widely used form of

reflector is shown in Fig. 3, 6. In this case the line pq indicates



THE METALLURGICAL MICROSCOPE 41

the section of an opaque reflector, such as a sUp of silvered

glass, or what is known to opticians as a " totally reflecting

prism," placed not centrally in the tube of the microscope, but

in such a position as to cover one half the area of the tube. Of

the Hght that enters the aperture at the side of the instrument,

nearly all that portion which falls upon the reflector is sent

down through the lens and thus on to the specimen. If the

beam of Ught is properly directed, the resulting spot of hght

on the specimen can still be circular—although originating

from a semi-circular reflector—and of very nearly equal bright-

ness all over. In practice, however, it is very difficult to secure

perfectly even illumination by this means unless the reflector

itself can be moved about in all directions ; usually there is a

decided falhng off in brightness towards one side of the field of

view. From the specimen, the rays of hght in this system pass

upwards through the objective ; all those rays, however, which

come from one half of the objective are stopped and sent out-

wards by the reflector and are thus lost to the image, but the

remaining half of the rays are amply sufficient to form a very

perfect image which is free from the disturbing effect of the

thin glass shp which is present in the other system. While this

system has thus the advantage of giving more perfectly-defined

images, it has the disadvantage of less uniform illumination and

of somewhat one-sided lighting, as the beam can never be sent

down upon the specimen in a strictly axial direction. It will

thus be seen that both systems have their special advantages,

and the true solution of the question as to which should be used

is to employ an arrangement whereby both kinds of reflectors

can be used and readily interchanged with one another.

The methods of lighting metal specimens which have just

been described carry in their train certain mechanical require-

ments in the construction of the microscope which have been

met more or less completely in those instruments which have

been specially designed for this work ; these are generally

known as " metallurgical microscopes." One of the simpler of

these instruments is shown in Fig. 4 (Plate II.) . This instrument

is, in many respects, very similar to the simpler forms of

ordinary microscope employed for biological and other studies ;
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The type of microscope just described suffers from a number
of serious disadvantages which become evident in use—particu-

larly when the instrument is to be used for the study of metals

from the mechanical rather than the chemical point of view.

For the purpose of overcoming these disadvantages, the present

author has designed a special form of metallurgical microscope,

which is shown in Fig. 5 (Plate II.), Both in appearance and in

mechanism this instrument differs from the older forms, but the

optical system is the same and the same lenses are employed.

To begin with, the stand is of a rigid form, which avoids the

tendency to vibration and displacement found in other micro-

scopes—^the instrument can be carried about without risk of

disturbing the focus of the lenses ; for work with the highest

magnifications this is very important, and where measurements

are to be made it becomes vital. This rigidity is further

assisted by the fact that the body tube, 66, is rigidly attached

to the stand or " limb," ss, all focussiag movements—coarse

and fine adjustment—^being attached to the stage. This

arrangement has the additional advantage that the delicate

fine adjustment is placed actually in the axis of the microscope,

so that there is no overhang to magnify minute defects in the

slides or screw ; the stage itself can be completely rotated and

presents a clear surface with no projections to obstruct beams

of oblique light in any position. The milled heads which

actuate the mechanical movement of the stage and the fine and

coarse focussing screw are, by this arrangement, placed within

comfortable reach of one hand, and the operator soon learns to

work these screws together with different fingers in such a way
as to keep the image in sharp focus while the specimen is being

moved about beneath the lenses. This arrangement greatly

facilitates the systematic examination of large areas, which is

often required. Another important feature of this microscope

is the arrangement of the illuminator ; this is not a separate

fitting to be screwed to the end of the tube—that arrangement

involves an extra risk of unsteadiness and also makes it im-

possible to interchange different forms of illuminator without

removing the lens entirely. In the author's microscope the

objective is screwed direct to the end of the body-tube, and the
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illuminator—or rather the reflector—is carried on a small

fitting which slides into an aperture in the lower end of the

body-tube ; this is so arranged that the reflector can be moved
at will both across the tube and along it, thus enabling the

operator to find the position which best suits the particular

lens he is using—and in practice this position is found to differ

considerably with different types of objective. While this

adjustabihty is of very considerable use to the expert worker,

1/ /
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Fig. 6.—Diagram of Image Formation in the Microscope.

it is apt to be a little awkward for the beginner, as the latter

will probably place the reflector in the worst possible positions

to begin with. For that purpose, however, the instrument can
be supplied with an illuminator, fitting into the same aperture
but in a fixed position, which is reasonably good for some of

the most usual lenses.

Turning now to the optical system, we find that in the
modern compound microscope—which is the instrument always
understood when we speak of " the microscope "—the images
are formed by two lenses, or systems of lenses, known as
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objectives (or object glasses) and eye-pieces respectively. We
need not enter into the details of their design or construction,

but it vidll be well to consider some questions which affect their

performance and their limits of usefulness. The diagram of

Fig. 6 shows in a general way how images are produced in

such a microscope. The objective, which is always a lens of

very short focus, is placed close to the object and produces an

image, I, I, at a certain plane in the tube of the instrument

;

this image is already magnified in a definite proportion which

depends upon the relative distances between lens and object

and lens and image, the power or focal length of the lens itself

determining what each of these two distances must be in order

to yield a sharp image. Theoretically the actual choice of these

distances should be immaterial, so long as the object to be

examined is always kept outside the front focal distance of the

objective. With the highly-corrected modem microscope

objectives, however, the best results are only obtained if the

lens is used so as to form its real primary image at one particular

distance from the lens. This distance is determined by the

actual length of the microscope tube and is generally spoken

of as " the tube-length "—this determines the distance between

the objective and the eye-piece. It is accordingly important

that each objective used should be employed at the proper

tube-length for which it has been designed. This length is

usually marked on the mount of the objective.

The primary real image produced by the objective is then

examined by means of the eye-piece, which acts as a magnifying

glass or—^in the case of photo-micrography—as a projection

lens. The point which is of importance here is that the per-

formance of the object glass is of much greater importance than

that of the eye-piece. The latter merely enlarges to a con-

venient size or projects to a convenient distance the image

produced by the former ; the detail and its sharp definition

must aU be present in the initial image produced by the

objective—the best of eye-pieces cannot improve the image,

while the enlargement produced by the eye-piece serves as a

severe test for the perfection of the image to which it is applied.

The quaUty of the image produced by the objective depends
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upon the general excellence of the construction of the system

of lenses—the completeness with which the optical defects,

such as chromatic aberration, spherical aberration, and others

are removed or " corrected," and also upon what is known as

the " aperture " of the lens.

As regards the optical corrections of his lenses, the micro-

scopist is largely in the hands of the opticians, but there can

be no doubt that the best of modern lenses, such as the " apo-

chromatic " objectives of Zeiss, leave little or nothing to be

desired in the completeness with which the defects inherent in

simple lenses have been overcome. There are, however,

circumstances in the use of the microscope which sometimes

place the objectives under very severe conditions, and then the

smaU residual defects become apparent. This can largely be

avoided if the operator possesses the necessary knowledge of

optics ; here we can only indicate two devices which are

frequently useful, particularly where photo-micrographs of

difficult subjects have to be prepared. One of these is the use

of monochromatic light. Such light can readily be obtained

either by isolating the light of one particular colour from a

beam of white light by means of a prism or other apparatus

which is used so as to split the white light into a reasonably

wide spectrum, or a similar, although less perfect, isolation may
be obtained by means of coloured solutions placed in glass cells

in the path of the beam of light. A very efEective solution of

this kind, giving a nearly monochromatic blue light very

suitable for photographic work is obtained by preparing a

saturated solution of copper-ammonium acetate. A still

better approximation to monochromatic light may be obtained

by the use of thin sheets of gelatine, mounted between sheets

of clear glass. Such gelatine light filters, stained with suitable

dyes, are now obtainable from Messrs. Wratten and Wain-
wright, specially for use in photo-micrographic work. By the

use of such monochromatic light it is possible to eliminate from
the image the effect of a small amount of residual chromatic
aberration which is sometimes found in microscope objectives,

particularly in regard to the parts of the image lying away from
the centre of the field of view. This chromatic aberration
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arises from the fact that the lenses affect the light of different

colour (i.e., of different wave-length) in a different degree, so

that the images produced by the red rays, for instance, do not

quite coincide with the images produced by the blue rays. In

a simple lens this would be the case to such an extent that the

resulting image would be badly blurred by blue and red edges,

but the sldll of the optician has so balanced the action of

different kinds of glass as almost entirely to overcome the

formation of these coloiired edges ; by the use of light of a

single colour, however, the formation of coloured edges can be

entirely avoided. The use of such light has the further ad-

vantage, especially for photography, that there is no longer any
possibihty of a difference between the visual and the photo-

graphic focus of the image. The rays of hght which most affect

the eye are of much longer wave-length than those which

principally affect the photographic plate, and consequently it

sometimes happens, if white light is used, that an image which

appears perfectly sharp to the eye is slightly out of focus when
photographed ; if monochromatic light (preferably blue) is

used, and the final focussing is done by that light, there is no
risk of this occurring—since only the rays which have been

used for focussing are then allowed to act upon the photographic

plate.

The other device to be mentioned here as an aid to obtaining

the best results from a given lens is that known as " stopping

down." Without entering into the somewhat intricate theory

of the question, it may simply be stated that some of the defects

which exist in optical images produced by lenses arise from the

fact that the rays which have passed through the outer edges

or zones of a lens are not readily brought into coincidence—at

the image—with the rays coming from the same point of the

object which have passed through the lens nearer to its centre.

As a result, when the outer zones of a lens are covered, so as to

cut off the hght passing through them, the sharpness of the

image tends to increase, although the amount of hght which is

transmitted by the lens is reduced and the image thus loses in

brightness. This process of reducing the effective diameter of

the lens is known as " stopping down," and produces two other
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important efEects besides that of eliminating the aberrations

due to the outer regions of the lens. The first of these is a

decided advantage, while the other entails such serious dis-

advantages as to put a practical hmit to the application of the

process. The advantageous effect of stopping down is to

increase the " depth of focus " and also the " flatness of field
"

—in other words, to cause the image to appear sharp over a

larger area.

The manner in which a reduction of the effective diameter of

the lens affects depth of focus can best be seen from the dia-

gram of Fig. 7, in which the objective is represented by 00 ;

p is a point in the object from which a bundle of rays, rrr,

diverges, passing through the lens, 00, and being again con-

q®-i =

Fig. 7.—Relation of aperture to depth of focus.

verged to the point P in the image. If we think of a second

point, s, in the object situated at the same distance from the

lens as the first point, p, then S, the image of s, will be situated

at the same distance behind the lens as P, the image of p. If

the lens is so placed that the points P and S fall upon the

focussing screen or into the focal plane of the eye -piece, then

the images represented by these two points will appear per-

fectly sharp. But now consider a point, q, situated a little

further from the lens than either p or s—such a point might

represent one of the lower or deeper places in a somewhat
deeply-etched specimen. The image of such a point will lie

at Q, nearer the lens than P and S. The result wiU be that if

the screen or focal plane is set to suit P and S, that part of the

image representing points hke Q will not be sharp—^the bundle
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of rays coming from q does not meet at a point where it crosses

the focal plane but constitutes a cone of small angle, 1(^1, and

the section of this cone on the focal plane is a small circle or

disc and not a point. So soon as these discs are of appreciable

size, the image becomes blurred. Now the size of such a disc

depends on two factors—^the distance of the true image point,

Q, in front of or behind the focal plane, and the angle of the

cone of rays, aQa. In practice all those parts of the image

appear to be sharp in which these little discs do not exceed a

certain minute size (about "005 inch), and consequently an

objective possesses a small " depth of focus "—^that is, a range

of distances for points on the object for which sharp images

are still possible. This range of distances or depth of focus

decreases rapidly as the width, aa, increases, but it can be very

considerably increased by " stopping down." In the diagram,

if the lens be covered by a stop in such a way that aa is reduced

to a'a', then the angle of the cone of rays meeting at an image

point is reduced to a'Qa', and the distance at which Q may be

situated from the focal plane without causing a blurred image

is very considerably increased.

The same effect makes itself felt in yet another way. In the

diagram of Pig. 7 we have supposed the points p, q and s to lie

near that part of the object opposite the middle of the lens, aa,

but in the case of microscope lenses the objects to be examined

are often large compared with their perpendicular distance

from the lens itself and we then find a systematic variation in

the distajice from a point on the object to the centre of the lens,

arising from the fact that the rays of Ught travel in an increas-

ingly oblique direction when they come from points at increasing

distances from the axis pf the instrument. The result is that

the image of a perfectly flat object assumes a concave form,

the image-points representing the outer edges of the object

lying nearer the lens as compared with those which represent

the central points of the object.^ This is known as the

1 This account of the causes of " curvature of field " is very

elementary, and is true only for an ideal simple lens ; in actual lenses

the combined effects of the components sometimes reverse the direction

of curvature.

P.M. B
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"curvature of the field " and results in a difficulty which makes

itself felt whenever microscopic images are to be photographed

or even merely projected upon a flat plate ; when the image of

the centre of the field is sharply focussed the outer edges are

blurred. The image-points of the outer portions of the field

of view Me in front of or behind the plane of the plate or screen

and the cones of rays where they intersect the plate produce

discs instead of points. These discs can again be reduced in

size, and the sharpness of the image extended over a larger

area, by stopping down.

With these considerations in view it would be natural to

suppose that the best results could be obtained by reducing

the effective diameters of our lenses to mere pin-holes. The

student will be readily cured of this idea if he will try the

experiment of focussing a good microscope on an object

showing some rather small features, commencing with the iris

of his illuminator wide open and gradually closing it. At first

the image will certainly improve in definition and contrast,

although rapidly diminishing in brightness, but when the

aperture is reduced below a certain amount the appearance of

the image begins to change ; narrow lines spread out into

bands, minute points into circular or irregular patches, and

every dark edge is bordered by alternate dark and fight bands.

This change in the image is due to what is known as diffraction,

which renders the images obtained with unduly small apertures

misleading and useless. The reason for these effects is to be

found in the undulatory nature of light and the mutual interfer-

ence of Mght waves when these are caused to pass through small

apertures. Interference always occurs, whether the small

aperture is there or not, but the presence of a small aperture

cuts off the other light-waves which previously obhterated the

effect by " averaging up " the illumination ; when these other

waves are stopped by the iris or the edges of the lens, the

interference or diffraction effects become very prominent.

That they are always present more or less can be readily

verified by using eye-pieces of very high magnifying power

;

when this is done minute rings and bands can be seen sur-

rounding the dark parts of the image even when large
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apertures are used. Here, then, we have a very important

practical limit to the extent to which the image given by a lens

can be improved by stopping down—^this process must never

be carried so far as to bring about any very marked change in

the character of the image.

It has already been pointed out that the effects of diffraction

are always present in microscope images and, from what has

just been said, it will be seen that the actual diameter of the

objective lenses—or their " aperture," as it is technically

caUed—^is of vital importance in governing the degree to which

the resulting images are affected by these disturbing influences

—^for the best results, lenses of large aperture must be employed

and, indeed, it is the aperture of the objective which governs

the amount of magnification which can be usefully employed

with it. We have already seen that an objective of given focal

length used in the ordinary way gives a real image magnified

in a definite ratio ; in the case of very short-focus lenses, such

as the so-called oil-immersion objectives, this initial magnifica-

tion may be as high as eighty or one hundred times. But this

initial image may further be viewed with a magnifying eye-

piece, or even with a second complete microscope, and thus

magnified to almost any desired extent, although with a single

eye -piece a further magnification of eighteen or twenty times

is the most that can be conveniently applied. The question is,

how far is it worth while to carry this magnification ? The

existence of the disturbing effects of diffraction makes it evident

that there must be a hmit of useful magnification for any lens ;

the mere enlarging of an image is of no advantage unless

additional detail is thereby rendered visible, and such detail

can no longer be seen or " resolved " when the distances between

the images of adjacent features of these details are so close

together that the diffraction bands or rings formed around the

image of one feature overlap and blur the image of the other.

With the best modern apochromatic objectives this limit of

resolving power is attained when the total magnification of the

image reaches 1,500. This figure—sometimes expressed as

1,500 diameters—indicates that the length of any line in the

object is multiplied 1,500 tiraes as seen in the image. Increas-

£ 2
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ing magnification beyond this point, whether by direct projec-

tion or by means of photography, yields no additional informa-

tion and only shows the diflEraction figures more clearly.

This whole question of " resolving power " is too large to be

considered fully here, but the knowledge that such a definite

Hmit exists, and of the nature of the causes affecting it, is very

necessary to every microscopist if only on account of the

caution which it should inspire in the interpretation of the

images seen under the highest magnifications. The correct

interpretation of these images, especially when the peculiar

character of the illumination employed in metaUographic work

is considered, is a matter requiring some care and caution. A
striking example of this kind of difficulty is found in cases

where a small area on a specimen is obviously at a different

level from the rest ; in such cases some care is required to

determine whether we are dealing with a mound or a pit in the

surface. This question is further comphcated by the fact that

we see such images right and left reversed, and it is not easy to

interpret shadows. An adjustable reflector in the illuminator

is of great assistance in such cases, but the final resource is the

micrometer screw of the fine adjustment of the microscope

—

by observing whether the object and lens have to be moved
closer together or further apart to obtain focus at different

levels, questions of difference of level can always be settled.

A more difficult case arises when features are under observation

which lie close to the hmit of what the microscope can distin-

guish. Thus in mild steel, when treated in certain ways, a

series of structures can be developed ranging from beautifully

laminated " pearhte " on the one side to a dark, almost feature-

less constituent on the other. The extreme cases are, of

course, quite distinctive, but the intermediate gradations are

not easily distinguished.

Where fine details, and particularly laminations, have to be

resolved the influence of the opaque reflector (Fig. 3 B, p. 39)

must be borne in mind, since its presence reduces the working
aperture, and therefore the resolving power to one half in one
direction. Thus, if laminations are placed parallel to the

edge of the reflector, they may be completely blurred, while
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they appear sharp and clear when turned through a right-angle.

This case is particularly instructive, as showing the care re-

quired in interpreting such images and the need for a rotating

stage on metallurgical microscopes in order that the specimens

may be examined in every azimuth—^no specimen showing fine

detail should be examined without passing through a complete

rotation of the stage and subjecting it to varying iUumiaation

by moving the reflector of the illuminator—shghtly oblique

illumination often reveals details which are invisible in the full

glare of central illumination.

The general considerations of the conditions which govern

the resolving power of the microscope lead to certain definite

rules in the use of the instrument which may be summed up
thus : For a given magnification it is desirable to obtain as

much of the magnification as possible by means of the objec-

tive—for most purposes an eye-piece magnification of eight or

ten times is the best. The objectives used should possess a

large aperture, and for extremely high magnifications a lens of

larger aperture is preferable, even if its focal length is somewhat
greater and its initial magnification consequently somewhat
less. Finally, to obtain the best resolution in examining

minute objects, the aperture of the lens should not be unduly

diminished by the use of the stop or iris, and when the stop is

closed down very much the observer must expect serious

interference from diffraction effects. For most purposes of

visual microscopy on opaque objects it is found desirable so

to regulate the beam of light entering the microscope that

about two-thirds of the full diameter of the objective is

utiMsed. This can be readily judged by removing the eye-

piece and seeing how much of the back lens of the objective

appears to be " filled " by the beam of light.

In order to obtain the best results from good microscope

lenses it is essential, beyond the observance of the guiding rules

just given, to secure a proper illumination of the object. The
manner in which opaque objects are illuminated by reflected

light has already been indicated in general terms, but the actual

illumiaants and their best arrangement deserve some attention.

The best methods of lighting differ somewliat according to the
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Eye Piece

circumstances, i.e., whether the object is to be examined

visually or whether a photograph is to be taken.

For purposes of visual examination the source of light should

not be very minute, but should preferably possess an equally

illuminated area about one haK-inch square at least. Perhaps

the most satisfactory source of Hght for this purpose is produced

by means of an incandescent gas-mantle placed inside a white

opal chimney. A somewhat similar effect can be obtained with

a metaUic -filament electric lamp having a large number of

loops of filament and provided with an opal bulb or an opal

shade placed close to it. The
illuminated surface of the opal

glass is then to be regarded as the

real source of hght, and the best

manner of utilising this light is to

place the front surface of the opal

glass in the position indicated on

the diagram, Fig. 8, by the letter 0.

In this diagram the point F repre-

sents the focal plane of the eye-

piece and I and m are the distances

of F and respectively from the

reflector, R, of the vertical illu-

minator. If now O is so placed

that m = I, then a sharp image of

surface SS of the specimen when
IS brougnt to focus. The reason for this

Fig. 8. —Diagram of

lUuinination.

' Critical

O will be formed on the

the objective is brought

result Ues in the fact that when the objective is in focus the

image of SS is formed at F, and, as all optical processes are

reversible, it foUows that the lens would form an image at SS
of any object situated at F ; but is situated not at F, but at

its image in the mirror of the reflector, and consequently the

objective forms a sharp image of O on the surface of the

specimen. This condition gives what is known as " critical

illumination," and is far the best mode of Ulumination possible,

particularly as it does not require the intervention of any
condensing lenses or other elaborate appliances. Two points

only have to be remembered: since a sharp image of the
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source of light is formed on the specimen, the source of light

itself must be uniform and free from detail, which would other-

wise be superposed on the structure of the specimen in a

confusing and irritating manner. For this reason a bare

incandescent mantle or incandescent electric lamp, Nernst

lamp or similar illumiaant cannot be employed, nor can

ordinary ground glass be used in place of the opal glass, since

the details of the surface of the ground glass are seen very

clearly under the microscope in these circumstances. A
second consideration arises from the fact that the lamp with

its opal shade must be placed quite close to

the microscope in order to fulfil the require-

ment m = i, and if an unprotected or

uncovered lamp is used the general lighting

of the microscope and its surroundings

becomes unpleasantly intense, while direct

light from the lamp may reach the eye of

the observer at the eye-piece. In order to

avoid such serious inconvenience it becomes

desirable to enclose the whole lamp in a

metal or other opaque chimney, provided

with an aperture on the side opposite the C
microscope and at a suitable level to allow

n

MM
100 00(

light to reach the opening of the illumi- Fig. 9.—Diagram of

nator of the instrument. If arranged in ^crosTOpe
°^

this way this mode of lighting not only

gives the best possible illumination of the specimen, but also

affords great comfort to the eye of the observer. The author has

used several simple forms of lamp for this purpose. In one of

these an ordinary upright gas burner with incandescent mantle

is placed inside a vertical brass tube. At a suitable level an

aperture is provided, and this is fitted with a side tube about

one inch in diameter, running out at right angles. The light

from the opal shade of the gas burner passes along this side

tube and, if the lamp is so placed that the open end of this tube

is close to the aperture of the illuminator of the microscope,

the desired result is at once attained, as the length of the side

tube is so adjusted that it acts as a distance-piece for focussing
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the light. The arrangement is shown in the diagram, Fig. 9.

For electric light the author uses the arrangement shown in

the diagram of Fig. 10, where N is the glower of a Nernst lamp,

while R is a rod of optical glass having one end finely groimd.

The hght entering this rod at one end is repeatedly reflected at

the periphery of the rod and, finally, leaves the rod at the other

end. This end of the rod then acts as a uniformly illuminated

source of light, and may be so placed as to yield " critical

illumination," while the arrangement of tubes shown in the

diagram is sufficient to screen the light from the eye of the

observer. The light from this lamp is rather bright and some-

what yellow in colour ; it is easily softened and rendered whiter

by the interposition of

a screen of glass having

a slight blue tint.

For photographic

purposes this mode of

illumination is not,

unfortunately, avail-

able at present ; even

when a piece of opal

glass is illuminated by
the concentrated beam
from a powerful elec-

tric arc lamp, the Hght
which it emits is not sufficiently powerful for photographic
purposes ; the images formed upon the ground glass of the
camera are too feeble to be readily or accurately focussed,
and thus much of the advantage of this form of hghting
would disappear. It is, in fact, in order to facihtate the
arrangement and focussing of the image upon the ground
glass or other screen of the camera that extremely power-
ful illuminants are to be recommended for purposes of
photo-micrography

; the photographic plate itself is amply
sensitive to take good photographs with very feeble illumina-
tion. The illuminants actually used are, as a rule, either the
electric arc or the limelight. Both these sources of light
consist of small areas of highly heated incandescent matter

Fig. 10.—Electric Microscope Lamp.
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giving out a powerful beam of light. These minute bright

areas cannot well be employed by placing them in the position

of O in Fig. 10, since the images which they would yield upon
the surface of the specimen would not be large enough to cover

the field of view, while even the area covered by the image would

not be uniformly lighted. The plan is, therefore, adopted of

concentrating as much as possible of the light emanating from

the limelight or the arc by means of a condensing lens into a

parallel, or nearly parallel, beam of light. This beam is then

passed through a water jacket in order to arrest the heat-rays

which accompany the light coming from such a source, and
then the beam is further concentrated by means of a lens

until a small but intensely briUiant image of the craters of the

arc, or of the limelight, is formed. The most favourable

arrangement is such that this image of the source of Mght falls

upon the iris of the vertical illuminator. Theoretically the

best point would be the " back principal focus " of the objec-

tive, since in that case the light would leave the lower face of

the object-glass in an approximately parallel beam, and would
then be reflected as such from the face of the specimen back

into the lens. In practice, however, it is not worth while to

locate this point with any great care, since the manner in which

microscope objectives are constructed does not render them
capable of emitting a satisfactorily parallel beam of light even

in the best circumstances, and the point for focussing the light

which has been suggested above is sufficiently near the theoreti-

cally correct point to give practically equally good results.

At all events a patch of very brilhant illumination will be seen

upon the specimen immediately beneath the objective, and by
this means images of such brightness can be produced that they

can not only be photographed and focussed with the greatest

ease, but they can even be projected upon a screen and ex-

hibited to audiences of moderate size. This method of showing

microscope images by projection is of great use whenever it is

desired to explain the detailed features of a given micro

-

structure to two or more persons, but it must be remembered
that in clearness of definition and width of view the projected

image cannot approach the image as seen visually under the
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that enters the microscope and the rays that leave the objective

to form the magnified image are reflected through a right-angle.

The appearance of such an instrument is shown in Fig. 12,

Plate III. There can be no doubt that these microscopes offer

certain advantages which make them particularly convenient

for quick working at moderate magnifications. The specimen

requires no mountitig or levelling, but on the other hand, as

the poHshed surface lies on the stage, injury by scratching is

very apt to result. The multiplication of reflecting surfaces is

also a disadvantage, which makes itself felt at the highest

magnifications, and for this class of work the author has not

found this type of instrument very successful.

Another type of instrument which is often useful, especially

for the examination of fractures, and of small objects generally,

by oblique illumination only, is the " Greenhough " stereoscopic

binocular microscope, in which the specimen is looked at

through two convergent microscopes. The stereoscopic effect

obtained is very beautiful, and for magnifications up to about

seventy diameters the instrument 'is very useful.

For the ordinary type of metallurgical microscope (as distinct

from the Le Chatelier inverted type) it is usually necessary to

mount the specimen on a slip of glass, wood or metal in such a

way that when this slip is laid on the stage of the microscope,

the etched surface of the specimen shall lie exactly at right

angles to the optic axis. Most of the older appUances used for

thus " levelling " the specimens involve laying the specimen

face downward on some level surface, and then adjusting the

carrying slip parallel to that surface and attaching the specimen

to it either by wax, plasticine, seahng wax, plaster, etc. Among
these is the device formerly used by the author, in which the

mounting slip is brought down upon the back of the specimen

by a parallel motion guided by four accurately-made links. A
much more perfect device, not requiring the polished surface

to be touched in any way, has, however, been devised and

adopted more recently. In this device a telescope is used with

an internal reflector, somewhat like the clear -glass illuminator.

Light from a suitably placed lamp is sent down the telescope

tube and leaves the objective as a parallel bundle of rays.
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These strike the polished surface of the specimen lying upon

the stage of the instrument, and are reflected back into the

telescope. Matters are so adjusted that if the surface of the

specimen is accurately at right angles to the axis of the tele-

scope the observer at the eye-piece would see the image of the

source of light reflected by the specimen falling accurately upon

the centre of a pair of cross-wires placed in the eye-piece of the

instrument. As a rule this will not be the case when the speci-

men is first looked at, but if it is mounted on soft wax or plasti-

cine, its position is easily adjusted with the fingers untU the

image of the source of light faUs exactly on the right place. Li

this way it is possible very quickly to level the specimen to a

very high degree of accuracy. The arrangement has the advan-

tage that it can be adjusted to work with a particular micro-

scope in such a way as to aUow for any want of complete

accuracy in the adjustment of the stage of that microscope. A
further advantage lies in the circumstance that if a specimen

has a rounded surface, so that the whole of it cannot be set at

the proper angle, the setting can be made for any particular

small portion from which a photograph is to be taken. For

that purpose it is only necessary to cover the surface of the

specimen, while it is being adjusted, with a piece of paper or

other mask in which a small hole has been cut in such a position

as to expose the small area in question.
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CHAPTER IV

THE MICRO-STRUCTURE OE" PURE METALS AND OF ALLOYS

When a specimen of any pure metal, in either the cast or the
" annealed " state, is prepared and examined under the micro-

scope in the manner indicated in the previous chapters, a

typical appearance is always seen—an appearance typical of the

structure of pure metals as a class rather than of any individual

metal. The appearance thus presented by the purest iron (good

Swedish charcoal iron) is shown in Fig. 13, Plate I., and also

in Fig. 97, Plate XX., where the structure is photographed under

a magnification of 150 diameters. The appearance of other pure

metals is very similar ; and, indeed, the similarity of all pure

metals as seen under the microscope serves to show that

microscopic examination cannot generally be employed in

place of chemical analysis for the purpose of distinguishing

different metallic elements from one another, for although the

practised observer might be able to distinguish some of the

more typical metals by the aid of minor peculiarities, the

similarities between many of them are so great that much
uncertainty would remain. On the other hand, in many cases,

as will be evident later, microscopic examination will at once

decide whether a given specimen consists entirely of one metal

or is an alloy of two or more. For the present, however, the

important fact is that all pure metals, when free from the

disturbing effects of mechanical treatment, show a strikingly

similar appearance under the microscope. As the figures show,

this " structure " consists of a number of mutually adjacent

roughly polygonal areas, separated from one another by narrow

dark lines, but otherwise practically free from any marked

features. These polygonal areas are readily recognised as

representing a sectional view of roughly polyhedral grains,

which evidently constitute the entire mass of such a metal.
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Microscopic research has, however, elucidated the nature of

these grains, and they are now recognised to be true crystals,

the metal being thus an agglomerate of crystals, much as a mass

of rock-salt or of granite is an agglomerate of minute crystals.

It is true that these crystals lack one of the most striking

features of many crystals, and that is the regular geometrical

outline which we see in specimens of Iceland Spar or Rock
Crystal ; but this absence of geometrical form is due to the

fact that none of these crystals have had the opportunity for

free growth which is requisite for the development of geo-

metrical forms ; when a crystal of a salt is formed in a solution

its surfaces remain free to grow in the liquid surrounding them,

but in the crystalHsation of a metal the growth of each crystal

has been stopped by the interference of a neighbouring crystal,

so that each of these grains is bounded, not by any regular

geometrical outline, but by the more or less irregular surface

upon which two adjacent crystals have met in the process of

their initial formation. The manner in which this occurs may
be made clearer by an analogy with the way in which children's

building blocks might be piled up to cover a given area. If

the blocks were all exactly alike in size and shape it would, of

course, be possible to lay them all exactly parallel to one
another in a single continuous pattern all over the surface to

be covered. But for this purpose it would be necessary to

begin the process at a single point and to work outward from
that alone. If the work were begun by several operators at

the same time, each starting from their own chosen centres and
working each to his own scheme, without reference to that
adopted by any of the others, a very different result would
follow : each man would build up a regular pattern, and all

the patterns would be essentially alike, but they would not be
parallel or " similarly oriented," so that where they met they
would form irregular joints. The diagram of Pig. 14, Plate IV.,

shows five stages of such a process, and the final result, with
the blocks themselves left out and only the outlines of the joints

traced where the various differently-oriented areas have met.
This outline is exactly like the boundary between adjacent
crystals in the micro -section of a pure metal—it is the " acci-
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dental " meeting-line of adjacent growing crystals of different

orientation.

The essence of crystalline character does not reside in

geometrical outlines or shapes, but in the regular arrangement

of the molecules or groups of molecules within the mass. The
geometrical outline is merely one result of that internal struc-

ture—a result which is only apparent in favourable circum-

stances. This regular arrangement or orientation is fully

present in the crystals which constitute the mass of any

specimen of pure metal. Some of the evidence upon which

this statement is based is so striking and interesting that a

brief account of it is desirable.

The photo-micrographs typical of pure metals given in Figs. 13

and 97 are, as already indicated, taken under normal illumina-

tion, but these same specimens yield a different appearance

when viewed under oblique light. The characteristic beauty

and lustre of this appearance must be seen direct through

the microscope to be appreciated ; Fig. 15, Plate I., gives

a photographic representation of the same field of view as that

shown imder normal light in Fig. 13. The polygonal outMnes

of the crystals are still visible, but now they appear as bright

lines on a dark background ; the areas of the polygons, which

in the former view appeared almost uniformly white, are now
greatly differentiated ; some appear perfectly dark, while others

shine out brilliantly. If a specimen thus lighted be slowly

rotated on the stage of the microscope, a very striking

phenomenon is witnessed—the crystals which at first appeared

bright rapidly wane and become dark, while others flash out

brightly. This phenomenon may be briefly called " the

rotation effect," although it is more correct to refer to the

" oriented lustre " of metals. To understand its nature and

meaning we must consider for a moment the manner in which

the surface of the specimen has been prepared. The important

point in the preparation for the present purpose lies in the

etching process, since before that was applied the surface of

the metal was practically a uniform plane. Now the etching

reagent—such, for example, as dilute nitric acid—^is, as we have

seen, merely a weak or slow solvent of the metal, and it effects
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this solution by gradually unbuilding or taking down the

structure of the metal exposed to its action ; if now the different

crystals which have been cut through by the plane of the

polished surface are each built up on separate systems or

arrangements of their own, each will also be unbuilt according

to this system. If this unbuilding process be stopped at any
given moment, the part of the surface belonging to each crystal

wiU be covered with some more or less distiact traces of the

plan upon which the unbuilding was proceeding. These traces

actually consist of a number of very minute facets, differing

in size and position, but all of the same shape and similarly

oriented, i.e., all facing the one way over the entire part of the

surface belonging to the same crystal, but—as a rule—differing

in shape and orientation from one crystal to another. Further,

it is found that the unbuilding of the crystals by the process of

gradual solution does not go on at the same rate upon aU the

crystals exposed in a section—in fact the rate of attack differs

shghtly, but distinctly, from each crystal to its neighbour,

according to the different orientation of the molecules or

groups of molecules of which the crystal is buUt up. The
etched surface, therefore, consists of a series of polygonal areas,

corresponding to the various crystals intersected by the surface,

each at a slightly different level, and thus necessarily connected

by short, steeply-sloping surfaces, and each covered with a

system of very minute facets which are similar and similarly

oriented over each of these polygonal areas, but differ in shape

and orientation when we pass from one area to another. What,
then, are the microscopic appearances to be derived from a

surface of such configuration ?

Under normal illumination, if the etching has not been very
deep, the facets just referred to are too minute in depth to be
readily seen except under the highest magnification, but the

differences of level between the adjacent polygonal areas become
very markedly evident on account of the short, steep connecting

surfaces. These are so steeply inclined to the horizontal that
light falhng downward upon them, instead of being reflected

back into the lens of the microscope, is thrown out to one side,

and the short surface thus appears, as seen from above, as a
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fine black line ; these are the black lines which bound the poly-

gonal areas of the crystals. When examined under oblique

illumination, however, these steep surfaces, or at aU events

those of them which face the direction from which the light

happens to be coming, catch the obliquely incident light and

reflect it into the objective, so that these bounding surfaces now
appear as narrow bright lines. The diagram of Fig. 16

will make this clear, if it is remembered that only those surfaces

will appear bright to an observer looking into the eye-piece of

the microscope which reflect rays of light into the objective of

the instrument. From
these diagrams it will

readily be seen that the

comparatively hori-

zontal surfaces of the

polygonal areas them-

selves will, as a rule,

appear dark when
viewed under obUque

illumination. There is,

however, an important

exception to this rule,

and this occurs when
the minute facets with

which each of these

areas is covered are so ^ig.

turned that they catch

the incident light and reflect it into the objective. Among
the multitude of crystals of differing orientations found in a

single field of view, this will happen here and there in almost

any position of Hght and specimen, with the result that several

crystals wiU generally shine out brightly in these circumstances.

This brightness wiU naturally differ somewhat from one of these

crystals to another, according as the facets direct the whole of

the hght full into the objective or so direct it that only a portion

is caught by the lens. As the specimen is rotated under the

obhque illumination, the facets which at first reflected light

into the microscope are gradually turned in such a way as

P.M. F

16.—Diagram of normal and oblique
rays falling on an etched surface.





PURE METALS AND ALLOYS 67

next. A striking example of this kind is given in Fig. 19,

Plate V.

With this brief outline of the evidence, the reader must be
asked to accept the view—^now generally recognised—that the

polygonal grains seen in pure metals are true crystals so far as

their internal structure is concerned. We should perhaps hint

at once that the somewhat natural tendency to regard crystals

as necessarily brittle in their nature is a misconception based

upon ordinary experience of such crystalline bodies as sugar

or spar ; recent discoveries have, in fact, revealed the existence

of crystals so plastic as to be practically fluid, so that they are

usually called " liquid crystals," while among metals the

crystalline character is perhaps most readily observed in one

of the softest and most plastic, viz., lead.

We now turn to the question of the manner in which the

crystalline structure of a pure metal is originally formed. At
all events in the case of artificially prepared metals, excepting

only those prepared by electro-deposition, the genesis of the

micro-structure is to be sought in the process of sohdification

from the molten or fluid state.

Judging from the anaJogy of the process of freezing as we see

it in the case of water or other pure hquids, which can be more

readily observed than molten metals, the course of the process

is somewhat as follows : as the temperature falls no very

definite change occurs until the freezing-point is reached
;

then at a number of points in the liquid, solidification com-

mences—^minute crystals are formed, and each of these rapidly

grows in size. As a rule, this growth does not take place

simply by the accretion of concentric layers ; the crystal is

seen to throw out a number of arms into the surrounding hquid,

from these arms numerous secondary branches are thrown out,

and these in turn throw out other spines. The familiar figures

made by the frozen moisture on window panes in winter are

examples of this process of " dendritic " crystallisation, only

that on the window pane the process has been arrested at an

early stage for want of further material, ti the interior of a

mass of water—or of molten and freezing metal—there is no

lack of material, but there are a number of crystals growing

f2
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out from adjacent centres which vie with one another in appro-

priating both the material and the space in which it exists. In

this way the crystalline arms which are thrown out by adjacent

centres soon meet and thus put an end to further growth, the

further development of the process then taking the shape of a

gradual filling in of the space occupied by the dendritic arms

which formed a species of advance guard for the final progress

of the fully-formed crystal. The actual rate of progress of the

arms of each of these growing crystals is in reality determined

by the rate at which heat is abstracted from the different parts

of the mass. Thus a crystal arm which grows outwards in a

direction away from the coolest and towards the hottest part

of the liquid will not readily meet with any other crystal arm,

since in the hotter portions of the mass crystaUisation has not

yet begun—an arm growing in that direction will, therefore,

grow on without interruption for a much longer time, and there-

fore for a much longer distance, than an arm which endeavours

to grow in a direction at right angles to the direction of the flow

of heat.

It has already been indicated that the dendritic arms which

grow rapidly outward from the centres or nuclei of crystallisa-

tion, which are formed when a molten pure substance cools

below its freezing-point, continue their growth until they are

checked by encountering similar dendritic arms emanating

from adjacent centres. Similarly, when the interstices of the

dendrites come to be filled up by the growing crystals during

the completion of the solidification or freezing process, this

growth also continues until stopped by meeting with the

advancing edge of an adjacent crystal. This process has b^en
illustrated diagramatically in Fig. 14, Plate IV., but that figure

also illustrates a further point. Where the two systems of cubical

blocks meet, a series of interstices are necessarily left, each

vacant space being too small to allow of the introduction of an
additional block. One may well ask if there is anything of

the same sort where two crystals meet, and if so, how the

adjacent crystals adhere to one another ? The view that there

really are such interstices has been held by a number of in-

vestigators, but the author cannot accept it, for several reasons.
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Among these may be mentioned the fact, to be considered

more closely in a later chapter, that the cohesion across the

bounding surfaces of two crystals is actually stronger, in

normal pure metals, than the cohesion across any of the surfaces

within the mass of a crystal, so that when such a crystaUine

aggregate is broken, the crystals are not pulled apart from one

another, but are actually broken across. Normally the inter

-

crystalline boundaries, in fact, behave hke strengthening ribs,

and not as surfaces of weakness. It would be hard to account

for this fact if the existence of actual interstices were assumed,

but one may none the less assume that there are interstices

between the adjacent crystals, but that these are filled with

matter which has not become crystalline.

This hypothesis leads to a series of most interesting con-

clusions, and some of these the author and his colla-

borators have been enabled to verify experimentally. At the

present time, however, it cannot yet be claimed that the

theory of the existence of an amorphous or non-crystaUine

cement between the adjacent crystals in a metal has received

general acceptance. Its bearing on the behaviour of metal

when undergoing deformation or fracture will, however, be

discussed when that portion of the subject comes to be dealt

with. Here it is only necessary to draw attention to the special

conditions which exist at the crystal junctions.

The process of sohdification as an aggregate of crystals all

having the same chemical composition and all formed at one

particular temperature {i.e., the freezing or solidifying point)

is tjrpical of pure substances, i.e., of substances which are

chemically homogeneous and are neither mechanical mixtures

nor solutions. It is particularly tjrpical of pure metals, and it

follows that the micro-structure of aU pure metals will show a

strong similarity. This is true of the general type of structure

—as we have already seen—^but there are some minor difEerences

due to the peculiar properties of each metal. For instance, the

size or scale of the entire structure habitually varies enormously

between different metals, although it may be accepted as a rule

that the size of crystals depends upon the rate of cooling during

the process of solidification. For this reason alone metals
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having a very high freezing-point, such as copper, silver,

platinum and iron, will usually present a very minute structure,

while metals which solidify at more moderate temperatures

—

such as tin and lead—usually possess a much coarser

structure. By suitably modifying the conditions of cooling,

the size of the crystals in any metal can, however, be enormously

altered, a reduction of the rate of sohdification always resulting

in the formation of larger crystals. In many cases, as we shall

see later, other processes, such as prolonged heating at tempera-

tures considerably below the melting-point, wiQ cause the

crystals to grow, and may thus ultimately produce a structure

on a larger scale than that which existed in the metal as

first formed on freezing. It is important to note that a large

and coarse structure invariably accompanies undesirable

mechanical properties. For this reason the temperature at

which metal is cast very materially affects its strength, for the

rate of solidification is necessarily reduced if the metal is cast

at an unduly high temperature ; in those circumstances the

surplus heat of the metal has raised the temperature of the

mould to an undesirable extent before the metal itself has

cooled to the freezing temperature, with the result that the rate

at which the mould is able to abstract heat is unduly diminished

and the rate of cooling of the metal during the freezing process

is thereby reduced.

Apart from the mere size of the crystals which result from

gradual solidification, the rate of crystallisation and the precise

manner in which it occurs has a very iinportant effect on the

mechanical properties of the metal. This is due to an effect

which occurs at the boundaries of the crystals forming the mass

of the metal, and arises from the greater or less degree of mutual

interpenetration of the dendritic arms or branches which shoot

out from the centres of crystallisation in the early stages of the

process. Fig. 20, Plate VI., is a photograph of such inter-

penetrating dendritic arms sent out from centres of crystallisa-

tion—^in this case not of a metal, but, for convenience of observa-

tion, of a salt (ammonium chloride). Metals, however, as

Figs. 21, Plate VI., and 51, Plate X., show, crystallise in a

precisely similar manner. The extent to which this interpene-
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tration occurs depends upon both the rate and the mode of

crystallisation, and the strength of the metal and its power to

resist external forces which tend to tear the crystals apart from
one another will in turn depend upon the extent to which

adjacent crystals are locked together by the mechanism of such

interpenetration. Where there is much " interlocking " the

bounding surfaces of the adjacent crystals will not be straight

and smooth, but serrated and indented, thus providing the

metal with a much greater length of junction surface and with

the additional strength which appears to reside in these

junctions.

It is interesting to consider in this connection what factors

other than rate of cooling, which has already been mentioned,

are likely to affect the formation and interpenetration of

dendrites. In the case of crystals forming in salt solutions

it has been observed that the presence of quite small traces of

an impurity is often enough to alter the crystalline " habit,"

and the shape and arrangement of the dendrites very con-

siderably, even though the impurity does not enter into

the composition of the crystals themselves. It seems probable

that some such effect as this may also occur in metals, and that

in this way we can account for the very large effects produced

by certain minute additions to some metals. Thus the presence

of less than O'l per cent, of vanadium in steel produces a dis-

proportionately large effect on the mechanical properties, and

yet there is no special micro -constituent which is formed as the

result of the addition of this minute quantity of vanadium. In

other metals similar, although rather less marked, effects can

be observed. In some of these cases the effect of the added

material on the micro-structure can be seen in a slight altera-

tion in the appearance of the crystal boundaries ; the presence

of vanadium in steel, for instance, renders the whole structure

decidedly less distinct—an observation which lends some

support to the explanation here suggested.

Before leaving the subject of the crystallisation of pure metals

it should be remarked that the crystaUine system according to

which the molecules or groups of molecules within each crystal

are arranged has been definitely determined in some cases. In
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the case of iron, for example, an examination of the etching

figures leads to the view that the metal has crystallised in the

cubical system, since aU the etching figures present shapes

which are readily recognisable as sections of either cubes or

octahedra, and these are the tjrpical forms of the cubic system.

This view has been fully estabhshed by the work of Osmond {^)

and his collaborators, who obtained actual crystals of iron by
chemical processes which allowed these crystals to attain their

natural external geometrical shapes. Other metals have

received less attention, but in the majority of cases the evidence

available is at all events consistent with the view that they also

belong to the cubic system. Marked exceptions are, however,

presented by cadmium and zinc, which have been shown to

belong to the hexagonal system (*), and by bismuth and

antimony.

Leaving for the moment the subject of the micro-structure

of pure metals, we turn to the much larger group of metallic

bodies known as alloys. For the sake of simplicity, and in

order to remain on ground which has now been fairly well

explored, we wiU confine our attention for the present to alloys

containing only two elementary metals—such alloys being

known as " binary alloys "—the whole range of alloys between

two metals being known as a " binary system."

In order to understand the nature and constitution of alloys,

it is preferable to commence our consideration with reference

to the simplest state in which such bodies exist, viz., that of

homogeneous fusion. Although certain pairs of metals cannot

be made to mix in all proportions while in the molten con-

dition, this is an exception, for in the great majority of cases

two molten metals can be mixed with one another in the fluid

state in any relative proportion. In this respect these fluids

resemble such Hquids as water and alcohol, or water and sul-

phuric acid. We may, in fact, safely carry this analogy much
further, and regard mixtures of molten metals, i.e., all molten
binary alloys, as simple solutions of the two ingredient metals
in one another. Sometimes, it is true, the two ingredients of

such a solution enter into chemical combination with one
another, and in that case it might be more correct to regard
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the resulting liquid as a solution of the excess metal and of the

compound metal in one another, but this is a distinction of

minor importance in the present connection. Since our

interest naturally centres in the solid metal which results from

the solidification of molten alloys, the question which Mes

before us is :
" What happens to the mutual solution of two

molten metals when the temperature is so far lowered that the

metal undergoes sohdification ? " The answer is that, apart

from the formation of definite inter-metallic compounds, there

are two opposite modes of sohdification adopted by binary

alloys and a range of intermediate modes connecting these

extremes. These extremes are simply (a) the case in which the

state of mutual solution remains undisturbed by the process of

sohdification and the alloy crystallises while still remaining a

solution, i.e., each of the crystals which are formed ultimately

attains the same average composition as the molten Hquid from

which it was deposited—such crystalhsed solutions are usually

termed " solid solutions." (The German term for these sub-

stances, " Mischkrystalle," is sometimes translated—^most un-

desirably—as " mixed crystals "
; since this term suggests a

mixture of crystals of different kinds, it is liable to convey an
entirely erroneous impression, and should be avoided in the

interests of clearness.) The other extreme (6) is that the state

of solution existing in the liquid condition is entirely destroyed

by the passage into the soHd state, and the two constituents

separate during the process of crystallisation ; in this case the

solid alloy can finally attain the condition of a mixture of

crystals of the two pure metals. Intermediate between these

two extremes are those alloys—and these are by far the most

numerous—^in which the state of mutual solution is partially

maintained in the sohd state, i.e., alloys containing up to a

certain Hmiting proportion of the second constituent crystalMse

according to group (a) as sohd solutions without any separation

of the two constituent metals, but alloys containing a higher

proportion of the second constituent than the limiting propor-

tion just referred to undergo a partial separation duringfreezing,

the excess of the second metal above the Hmit of " sohd solu-

bihty " being separated as crystals of a different constituent.
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These alloys resemble those of group (6), except that the two

kinds of crystals present in them are not those of the pure con-

stituent metals, but consist of the saturated solid solutions of

each of the metals in the other.

The micro-structure of any given alloy depends both upon

the type to which the system of the particular metals in ques-

tion m"ay belong, and also on the place of the alloy in its binary

system. Alloys of group (a), of which those of gold-silver, iron-

manganese, and copper-nickel are examples, when allowed to

crystallise sufficiently slowly to attain their condition of final

equilibrium, present a micro-structure exactly similar to that

of a pure metal—the homogeneous character of the molten

solution is in that case so completely maintained that the

microscope cannot detect the presence of any second consti-

tuent. As a rule, however, this state of complete homogeneity

is not attained by solid solutions ; for reasons which will

presently be explained, a certain degree of temporary separa-

tion occurs during the freezing process, and usually persists to

an extent readily recognised under the microscope. An
example of this kind is shown by Pig. 21, Plate VL, which

represents the micro-structure of an aUoy of copper and zinc

containing about 25 per cent, of zinc (a kind of brass, therefore),

which when very slowly cooled appears entirely homogeneous,

but when rapidly solidified exhibits the dendritic structure

shown in the figure. The characteristic feature of such

structures, however, is that the arms or branches of the

dendrites are usually ill-defined, and that they lie whoUy within

polygonal boundaries which readily recall the crystal boun-

daries of pure metals.

The micro-structure of alloys of class (6) is rather more com-
plex. Theoretically the addition to the pure metal, forming

one end of a binary system of this type, of a minute trace of a

second element should result in the appearance in the micro-

structure of traces of crystals of a second constituent. In some
cases this is true to a surprising degree of accuracy. Thus the

addition of five parts of carbon to 10,000 parts of pure iron at

once becomes visible under the microscope, while the presence

of one part in 1,000 is readily seen, as shown in the photograph
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Fig. 22, Plate VI. The polygonal grains of the pure iron

crystals are readily recognised, but here and there between
them are seen small dark patches which are entirely absent in

the pure metal. These are patches of the carboniferous con-

stituent, and in steels of increasing carbon-content the relative

area occupied by these dark patches rapidly increases. The
reason why the second constituent appears dark in this case,

as in the majority of others, is simply due to the fact that, when
the polished surface is attacked with an etching reagent, the

more soluble, i.e., more readily attacked, constituent is affected

almost exclusively, while the other remains practically un-

affected until the attack is carried to a considerable length. In

this way the areas occupied by the more readily soluble con-

stituent are eroded and roughened by the action of the etching

reagent, and consequently scatter the hght which falls upon
them ; under normal illumination they therefore appear

darker than the other constituent, while under obHque hght

they shine out brightly on a dark background.

The effect produced upon the micro-structure of an alloy of

this type by successive additions of the second metal are

illustrated by a series of micrographs of the alloys of tin and
lead, commencing from the tin end of the series. Figs. 23 to

26, Plates VI. and VII., represent the micro-structures of alloys

containing respectively 95, 85, 74 and 45 per cent, of tin by
weight.

In these alloys the white areas represent the crystals of tin,

which are much less readily attacked by reagents than the

accompanying crystals of lead. In Figs. 23 to 26 it wiU be

seen that increasing lead content leads to an increase of the

dark constituent, which at first appears merely in the form of

thin veins in the inter-crystalline boundaries of the tin, thicken-

ing up into wider patches and bands until the crystals of tin

appear as islands in a ground-mass composed of a mixture of

small crystals of tin and of the dark constituent. Ultimately,

when the lead content has risen to 37 per cent., the crystals of

free tin disappear entirely and the whole alloy consists of a

mixture of minute patches of dark and Hght constituents (see

Fig. 46, Plate IX.). A further increase of lead content causes
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the appearance of isolated larger patches of the dark constituent.

But while at that end of the series from which we started we
were dealing with alloys rightly described as belonging to

class (6), at the lead end of the series we find that the white

constituent disappears—^in alloys which have been allowed to

approach the condition of final equihbrium—while some 16 per

cent, of tin are still present ; at this end the lead-tin system is

therefore of the intermediate type possessing a considerable,

but still limited, power of forming sohd solutions.

The series of photo-micrographs of the lead-tin system

(Figs. 23 to 26) show an additional feature deserving of special

attention, because it is a very striking characteristic of the

micro-structure of all alloys of the type (6) and of most of the

alloys of the type intermediate between (a) and (6). In these

figures we see a second constituent appearing, but when we
examine this constituent in the alloys in which it is present to a

larger extent, we find that it is not a simple body, but itself

possesses a duplex structure, although in the present case, and,

indeed, in the majority of cases, this structure is very minute.

The cause of this duplex structure of the second constituent

lies in the fact that during the crystallisation of the alloys of

this type the separation of solvent and dissolved metal from
one another only occurs finally at the moment of complete

solidification ; that portion of the alloy which crystallises last

contains both metals, and these, on freezing, separate from one
another in the form of minute crystal plates or granules, thus

forming together the fine-grained duplex constituent shown in

the photographs. It will be seen that the alloy containing

37 per cent, of lead and 63 per cent, of tin consists entirely of

this duplex constituent. For reasons which will appear when
the thermal phenomena connected with the freezing of metals
and alloys are discussed, this duplex constituent, and particu-

larly the alloy which is composed entirely of this constituent,

is known as the " eutectic " alloy of the two metals in question.

In many respects the micro-structures of all binary eutectic

alloys are very similar to one another.

Having now passed in rapid review the most important types
of micro-structure met with in metals and alloys in their normal
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state (i.e., when not disturbed by mechanical deformation), we
shall pass in the next chapter to a consideration of the modes
of solidification of metals and alloys as revealed by a study of

the thermal phenomena which accompany the process of

crystallisation.

RSFEBEMCES.

(1) stead. Joum. Iron and Steel Inst., 1898, 1., 145.

(2) Ewing and Rosenhain. Phil. Trans. Roy. Soc, 1899, Vol. 193a,

pp. 353—375.

(3) Osmond and Cartaud. Annales des Mines, August, 1900.

Rev. de Metallurgie, 1906, III., 653.

Journ. Iron and Steel Inst., 1906, III.

(4) Rosenhain and Tucker. Phil. Trans. Roy. Soc, 1908, Vol. 209a,

pp. 89—122.



CHAPTER V

THE THERMAL STtTDY OF METALS AND ALLOYS

The study of the phenomena which occur when metallic

bodies are heated and cooled has thrown a flood of light on

the nature and constitution of metals and alloys, so that the

phenomena in question, which relate to fusion and solidification

and to the many internal changes which occur in metals

or alloys while they are wholly or partly sohd, constitute an

important branch of Physical Metallurgy. The importance of

this subject lies primarily in the fact that our most compre-

hensive and satisfactory method of describing the nature and

constitution of alloys of a given system consist of a diagram

—

known as the " Equilibrium Diagram," or, perhaps, better as

the " Constitutional Diagram "—which is based primarily on

thermal data. We shall see in a later chapter how it is possible

to deduce from the constitutional diagram or to correlate with it

a number of important properties of alloys, so that an under-

standing of the manner in which these diagrams are established,

and the validity of the evidence upon which they are based, is

essential. We will begin by considering the manner in which

suitable specimens of metal can be heated and cooled for the

purposes of these observations ; we shall then briefly consider

the instruments used for measuring the temperatures involved,

and, finally, the methods of representing the data in the form

of " heating and cooling curves."

The means of heating a comparatively small specimen of

metal steadily to any desired temperature and allowing it to

cool down again appear at first sight to be very simple—any
laboratory furnace capable of reaching the desired temperature
would seem to be adequate. This is only correct where
observations of a very rough character are to be taken. The
difficulty lies in securing a sufiicient degree of steadiness in

both the heating and cooling process, while uniformity of rate
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of heating and cooling is still more difficult to attain. With
most laboratory furnaces it is necessary to begin by heating

with considerably reduced power—^the gas or the electric

current being increased step by step as the temperature rises.

But every step of this kind produces a sudden change in the

rate of heating and brings with it a disturbance in the heating

curve which is being determined. During cooling, on the other

hand, there need be no such steps if the furnace is simply

allowed to cool down " naturally " ; here, however, the

difficulty arises that at a high temperature the furnace cools

with excessive rapidity, while at the lower end of the tempera-

ture range there is a wearisome delay, due to the extremely slow

rate of cooling which obtains there. Both these difficulties

can be overcome to some extent by the use of suitable devices,

such as controUing the temperature of the furnace by an

electric current passing through a suitable heating coU or

winding, regulated by some form of automatic rheostat

whose resistance is steadily changed in order to keep the

heating or cooling of the furnace as steady and uniform as

possible. These devices are, however, always elaborate and

expensive and never completely satisfactory. The author has,

therefore, recently adopted a different plan, which gives

excellent results with very Uttle elaboration.

In all the older methods of heating and cooling specimens of

metal for purposes of thermal study, the specimen has been

placed in a furnace and allowed to heat up and to cool down
with the furnace. In the author's new arrangement the tem-

perature of the furnace is kept steady throughout the entire

experiment. The furnace consists of a long vertical tube,

which is kept at the highest temperature required at one end,

while the other end is cold or nearly so. The specimen is then

lowered into this tube or raised out of it in such a way as to

pass in a perfectly steady and uniform manner from the cold

to the hot part of the furnace, or vice versd, at any desired rate

within the range of the raising or lowering mechanism em-

ployed. With a Mttle care the tube furnace can be arranged

to have a perfectly uniform temperature distribution from one

end to the other. By means of this arrangement it becomes
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possible to obtain heating and cooling curves at any desired

rate, over any range of temperature within the range of an

electric resistance furnace, with great ease and regularity, as

the temperature of the hot end of the furnace can be controlled

very accurately and kept quite constant by means of a thermo-

couple permanently fixed in the hot part of the tube. A
photograph of the apparatus employed for this purpose is

shown in Fig. 27, Plate VIII.

An additional advantage of this apparatus is the facility

which it provides for submitting a specimen of metal to heating

and coohng in any desired atmosphere. By placing the

specimen in the closed end of a tube of porcelain or sihca of

suitable length and diameter, the upper end being closed by a

stopper and tap, the atmosphere in which the specimen is

placed can be varied at will, from a high vacuum to air, hydro-

gen, nitrogen, or other gas. The influence of gases on the

thermal phenomena, particularly of steel, has lately received

some consideration and cannot be left out of account in present

day research work.

The instruments employed for the measurement of the

temperature of metal specimens next require consideration.

For the purpose of taking heating and coohng curves the

thermo-electric couple is in almost universal use, as it possesses

indisputable advantages over any other device. Most fre-

quently the couple employed consists of a fine wire of pure

platinum and one of platinum alloyed with 10 per cent, of

either rhodium or iridium. The latter has the advantage of

being rather more sensitive, and in the author's hands it has

proved extremely constant in its indications, even under
difficult conditions. The opinion is, however, widely held

that the rhodium couple is more reMable in its indications.

For temperatures above 500° or 600° C. the platinum type
of thermo-couple is the only one sufficiently permanent to be
suitable for laboratory use. For lower temperatures, however,
" base metal " couples can be employed with considerable

advantage—such a couple as that of copper with the alloy

known as " Constantan " being very satisfactory as regards

permanence and constancy of indications, while it yields more
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than three times the electro-motive force per degree of tempera-

ture which is obtainable from a platinum-iridium couple.

The action of the thermo-couple consists in setting up an
electro-motive force which is proportional to the difference

between the temperatures of the hot and cold junctions. In

the case of cooling or heating-curve work in the laboratory, the

hot junction is placed in the specimen of metal under examina-

tion, care being taken to insure that the junction is properly-

placed as nearly as possible at the centre of the mass of metal.

The " cold junction " is always kept at a temperature of 0° C.

by being placed in a glass tube, which is itself plunged into a

mass of melting ice. The ice-box usually employed in the

author's laboratory consists of an ordinary (cheap) glass

vacuum vessel in which the ice only melts very slowly. Such

an " ice-box " in a horizontal position is seen in the photo-

graph (Fig. 27, Plate VIII.), where the cold junction is allowed

to travel up and down with the moving specimen. The whole of

the thermo-couple and the wires leading to it must be carefully

insulated electrically so as to remain entirely unaffected by the

electric currents employed for heating the furnaces ; the hot

junction must further be protected from actual contact with

the metal specimens in order to avoid contamination of the

couple wires. This protecting sheath—^generally of fire-clay

or of "alundum," or sihca, undoubtedly introduces a sUght
" lag " of temperature between the couple and the metal, but,

provided that the thermo-couple has been calibrated with the

intervention of precisely the same kind of sheath, no error is

introduced by this lag.

The actual calibration of the thermo-couples employed for

this work is usually carried out by the aid of determinations of

the freezing-points of certain metals, whose true temperatures

are well known. These generally include the following :

—

Copper (under charcoal)
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The thermo-couple furnishes an electro-motive force which is

proportional to the temperature difference between the hot

and the cold junctions. To utilise this indication the thermo-

couple must be attached to some form of electrical measuring

instrument by means of which the electro-motive force can be

read or registered. The simplest form of such an instrument

is a galvanometer of high resistance whose deflections are read

as measuring the indications of the couple. The resistance of

the galvanometer must be high in order to avoid serious inter-

ference from changes of temperature in the couple wires

themselves and in the connecting wires, for the galvanometer

used in this way merely measures the small electric current

which the thermo-couple is able to send through the circuit

;

this current depends both upon the electro-motive force of the

couple and on the resistance of the circuit. In the latter factor

the resistances of the couple mres and of the connecting leads

play a part which becomes important if the resistance of the

galvanometer is low. Beyond this, the simple deflection

method has two very serious disadvantages. The first is that,

with most sensitive galvanometers, the position of the zero is

not constant ; it follows that the actual value— in temperature

or in " micro-volts "—of a given scale reading is not constant,

and the observer has no means of telling, during the course of a

series of observations for a heating or cooling curve, whether

the zero has shifted from its original position. The second

disadvantage is that the sensitiveness of the simple deflection

method is somewhat limited. A scale one metre long is prob-

ably as much as can be conveniently employed, and if the curves

are to be traced over a range of 1,000° C. then the scale value

is 10° C. per millimetre. By one of the devices mentioned
below, the effective length of scale for a range of 1,000° C. can
easily be extended to as much as eight metres.

This increase of sensitiveness—and consequently, under
proper conditions, of accuracy—is obtained first by the use

of a more sensitive galvanometer, and in the second place, by
balancing the greater part of the electro-motive force of the

couple by a known electro-motive force taken from an instru-

ment known as a " potentiometer," In this arrangement if.
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for example, the thermo-couple indicates an E.M.F. of 12,456

micro-volts (= -012456 volts) then the stops of the potentio-

meter are set to give a counter E.M.F. of 12,400 micro-volts

and only fifty-six micro-volts are read off by deflection. The
process can be carried further so that the entire E.M.F. of the

couple is balanced at each temperature and the galvanometer

always kept at zero, but where the temperatures are changing

somewhat rapidly, as in the taking of thermal curves, this is

not convenient. The details of the electrical measuring

instruments (potentiometers, etc.) employed for this purpose

cannot be given here, but the reader will find full details in the

literature of the subject (^) and in the catalogues of the instru-

ment makers. Only the outhnes of the methods have been

given here in order to enable the reader to appreciate the

principles adopted.

With one of the better class of thermo-electric apparatus

just referred to, the observer can readily determine accurately

the temperature of the specimen of metal which is under

thermal observation at any time during the heating and cooling

process. The observations thus made can be recorded in

various ways. The simplest of these consists in taking tempera-

ture readings at fixed intervals of time and then plotting the

results with temperatures as ordinates and times as abscissae.

A " time-temperature " curve is obtained which indicates the

behaviour of the metal in the most direct way. So long as the

metal is simply being raised or lowered in temperature at a

steady rate, this curve follows a smooth course ; a departure

from this smoothness indicates that there has been either an

evolution or an absorption of heat within the specimen. The
only objection to this type of curve is that the irregularities

produced in it by comparatively small evolutions or absorp-

tions of heat are themselves extremely small unless the curve

is plotted to an impracticably large scale. Consequently a

method of plotting the observations is adopted which is more

economical of space and, therefore, allows of the use ol a very

much more open scale, with the result that even minute

thermal phenomena appear quite clearly. This result is

obtained by the use of what is known as the " inverse rate
"

o 2
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curve first adopted by Osmond («) in 1887. For this purpose

the observer notes the intervals of time which are occupied by

the metal in rising or falling through successive equal differences

of temperature. Thus one might take the times occupied by

successive rises of 3° C. and plot these as abscissae against the

actual temperature of the metal at each observation. In this

way is obtained a curve whose ordinates are T (temperature)

and whose abscissae are ™i where t is time. With a uniform
ai.

rate of heating or cooHng, this curve becomes a vertical straight

line ; an evolution of heat during cooling or an absorption of

heat during heating causes the curve to deflect outwards and to

form a hump or " peak." It can be shown that, if the rate

of heating is uniform, the area of this peak is proportional to

the quantity of heat evolved or absorbed. Some examples

of curves of this kind are shown in connection with special

metals later in this book (Figs. 50, 66).

Mention must also be made of another type of heating and

cooling curve, known as the " differential " and the " derived

differential." These are obtained by a method devised by
Roberts-Austen (^), which consists in comparing the rate of

heating or of cooling of the metal under experiment with a

standard piece of metal placed in the same furnace and heated

and cooled along with the experimental specimen. This

method has the advantage that no clock or chronograph is

required and that the results are capable of a high degree of

accuracy, even when no extremely sensitive galvanometer is

available. This is attained by the use of a " differential
"

thermo-couple which possesses two thermo-junctions arranged

to oppose one another and placed one in the experimental

piece and the other in the standard piece of metal—usually

a platinum cyhnder. The readings of this couple simply

indicate the difference of temperature between the platinum

cyhnder and the specimen, and if these are plotted against

the actual temperature of the specimen as obtained from the

readings of an independent thermo-couple placed in the speci-

men, the " differential " curve of Roberts-Austen is obtained.

Since the uniform cooUng or heating of the platinum cylinder,



THERMAL STUDY OF METALS AND ALLOYS 85

which serves as a basis for this type of curve, is in reality

proportional to the time which elapses between successive

readings, this " differential " curve is practically identical

with a time-temperature curve, the clock having been replaced

by the platinum cyHnder. Consequently, in order to make the

differential curves comparable with the inverse-rate curves, we
must plot, not the actual readings of the differential thermo-

couple at each temperature, but the change in its reading

since the previous observation. If these are plotted against

the temperature of the specimen, we obtain the curve first

employed by the author (*) and termed the "derived differ-

ential " curve. This is very similar to the inverse-rate curve

and is practically identical with it in physical meaning.

We may now consider the forms which the thermal curves of

metals and alloys will assume in various circumstances, in order

to arrive at an understanding of the use which may be made
of data furnished by these curves.^ Beginning with the

simplest case, the coohng of a pure metal from the molten,

Uquid state may be considered. If thermal observations

—

which we may assume to be made and plotted on the " inverse

rate " principle—are taken, the resulting curve will run down
regularly and smoothly until a certain temperature—known as

the freezing-point—^is reached. Down to this point the rate

of coohng has remained constant or nearly constant and the

time occupied by each successive fall of, say, 1° C. has remained

the same or has merely undergone a gradual increase as the

metal has cooled. The resulting inverse-rate curve therefore

is a smooth, nearly straight and nearly vertical line (as in

Fig. 28). As soon, however, as the metal reaches the " freezing-

point " the fall of temperature is arrested. The process of

sohdification which then commences is accompanied by a very

considerable evolution of heat, i.e., the energy which had been

stored in the liquid metal in the form of movement and mutual

separation of the molecules, is liberated in the form of heat

when the molecules assume the relatively close juxtaposition

and comparative immobility of the solid state. Since the metal

' Examplea of actual thermal curves are given in Fig. 60, p. 140, and
Pig. 66, p. 168.
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is losing heat byradiation and conduction to surrounding bodies,

this evolution of heat does not lead to a rise of temperature, in

fact, if a rise of temperature were to occur the process would

be arrested, since the metal would then be raised above the

temperature at which freezing can begin. Consequently the

freezing process goes on at just such a rate that the heat set free

by the process exactly balances the heat lost by the metal to

external objects, and the temperature of the metal remains

constant during the whole process. This constancy of tempera-

ture during the entire process of solidification is typical of only

three classes of bodies, viz., pure metals, pure compounds of

two or more metals, and the special class of alloys known as

"eutectic alloys " which we have already mentioned ; these three

classes of bodies aU share this characteristic—that they consist

entirely of a substance or substances which freeze at the same
temperature. The freezing, then, of a pure metal takes place

entirely at the temperature known as the " freezing-point," and
in spite of the continuous external loss of heat the temperature

of the metal remains constant for the whole duration of the

process. During the freezing in this case, therefore, the rate

of cooling, i.e., the rate of fall of temperature, becomes either

zero or at all events very slow, and the inverse rate therefore

very large ; in other words, when there is a prolonged arrest

in the cooling process the time occupied by a fall of temperature

of 1° C. may attain a value of several minutes, and the inverse-

rate curve takes a sudden jump outwards from the axis (c.

Fig. 28). As soon, however, as the solidification of the whole
mass of metal is complete, the evolution of heat ceases and the

temperature again begins to faU. During the time occupied

by the freezing process, however, the heated vessel in which the

cooling metal is contained has continued to cool down, while

the temperature of the metal itself has been kept constant,

with the result that at the end of the freezing process the metal
is left considerably hotter than its immediate surroundings.

The rate of coohng is, therefore, considerably accelerated

and the inverse-rate curve shows a corresponding deflection

inwards {de, Fig. 28). These small differences of temperature,
however, soon become equalised and the cooling process
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continues smoothly and regularly until the ordinary tempera-

ture is reached. The inverse-rate curve thus produced is

shown in Fig. 28 which is reproduced from an actual coohng

curve of pure zinc. It will be seen that the peak of the curve

is very sharp and narrow, indicating that the retardation of

coohng, i.e., the evolution of heat within the metal, w£is con-

fined to a very short range of temperature.

We now turn to consider the more comphcated phenomena
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in it, for—as we have already seen—^the liquid alloy is simply

a solution of two liquids in one another. As soon as the

process of soHdification commences, however, important

divergences between the behaviour of a pure metal and an

alloy make themselves felt in the time observations and in the

resulting inverse-rate curve. What actually occurs depends

on the type of alloy in question. We wiU first take the case of

the type referred to as (6) in the previous chapter, i.e., that in

which the metals are mutually insoluble in the solid state and,

therefore, separate out completely from one another in the

process of freezing. Let the constituent metals of the aUoy be

called A and B and let us suppose that the alloy under observa-

tion contains a large proportion of A. In that case the freezing

process will begin by the crystaUisation, at one particular

temperature, of a small quantity of A. The soHdification of

this small quantity of metal sets free a certain quantity of heat

and the curve shows a sudden outward bend, resembhng the

outward sweep at the beginning of freezing in a pure metal

;

but in the present case the quantity of metal sohdified forms

only a portion of the entire mass, and the correspondingly

smaller quantity of heat liberated causes a smaller deflection

of the curve. The freezing of a relatively small quantity of

pure A will, however, leave behind a hquid which contains

relatively more of the second metal, B, than the original molten

alloy, and this richer hquid wiU only begin to deposit further

quantities of A at a lower temperature. As the temperature

gradually falls, therefore, successive quantities of A will

crystaUise out, leaving the hquid successively richer in B. As
solidification is gradually taking place during this entire process,

heat is being continuously Mberated and the natural rate of

coohng of the mass is thereby continuously retarded—the

inverse-rate curve therefore remains well out to the right (as

at bb, Fig. 29) only gradually returning towards its normal
position. This process of selective freezing, however, does not

go on indefinitely, as might perhaps be supposed, i.e., until the

whole of the metal A present in the aUoy has crystallised,

leaving the liquid as pure molten B which might then crys-

tallise separately. On the contrary, the concentration of B
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in the liquid cannot pass a certain definite limit, and this limit

is arrived at when the temperature of the cooling alloy has also

reached a Mmiting value ; when these conditions are attained,

the whole of the remaining liquid sohdifies at one temperature,

giving rise to a considerable evolution of heat and producing

upon the inverse-rate curve a sharp peak resembHng that of

the initial freezing of a pure metal.

If we compare this description of the sohdification process

Fig. 29.—Cooling Curve of Eutectiferous Alloy showing Initial Freezing
and Euteotic Arrest.

with the account of the micro-structure of alloys of this type

as given in the previous chapter, the correlation of the two will

at once be apparent. The separation of the constituent A
during the earlier process of selective freezing represents the

formation of the crystals of pure metal seen in the micro-

structure, while the solidification of the remaining Hquid at the

single lower temperature represents the sohdification of the

second, duplex constituent which we have already named the
" eutectic " alloy. This word " eutectic," derived from the



90 STUDY OF PHYSICAL METALLURGY

Greek, simply means " most fusible," and indicates that this

alloy, or this constituent of an alloy, is the most fusible mixture,

i.e., the mixture of lowest freezing-point, which can be prepared

out of the binary system in question. We have already

indicated that this eutectic constituent has for each system of

alloys a definite composition and also a definite freezing-point.

It is obvious that an alloy consisting wholly of this eutectic

constituent can be prepared, and this, hke a pure metal, wiU

solidify entirely at one temperature, viz., at that temperature

at which solidification of all other alloys of the same series is

completed. From the present point of view we may trace the

effect of successive additions of a metal B to a metal A much
in the same manner as we did in the case of the micro-structure,

and this will serve to bring out the correlation more clearly.

The addition of B to A brings about a lowering of the tem-

perature at which soKdification begins, and also produces an

extended range of temperature over which the freezing process

is spread out ; when the proportion of B is still small, the

freezing process begins by the ehmination of pure solid A, and

this continues until nearly the whole alloy is sohd. The portion

which is left liquid, however, attains the eutectic composition

and finally freezes as a whole when the temperature of the

freezing of the eutectic is reached. With successive further

additions of B the temperature of the commencement of

solidification is successively lowered, but the temperature of

final soUdification remains unaltered, while the hquid which

freezes last always attains the composition of the eutectic.

Finally, by further additions of B the eutectic composition is

reached ; here the temperature of the initial freezing has been
lowered to the temperature of eutectic freezing and the whole

mass soUdifies at one temperature. Further additions of B
gradually reverse the series of changes just described, with this

difference that the substance which now separates in the pure

state, when freezing commences, is pure B where it was formerly

pure A. The composition of the residual liquid and the

temperature of final solidification remain unaltered until the

whole mass of metal consists of pure B, which, of course, again

sohdifies in the manner already described for pure metals.
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This entire process or group of processes, although somewhat
complicated when thus verbally described, is very readily

represented by the aid of a diagram. If we plot as abscissae

the percentage compositions of a series of alloys, and then,

using temperature as ordinate, insert the points corresponding

to the beginning of freezing in each alloy and also the points

corresponding to the freezing of the residual metal or euteotic,

we obtain a diagram which represents the entire set of pro-

cesses in a simple manner. Such a diagram is shown for the

imaginary case of two metals perfectly insoluble in one another

^
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shown in Fig. 30, while thus representing a summary of a whole

series of cooling-curves, has a further meaning, since it also

serves as a species of map or chart of the various conditions in

which alloys of this particular system can exist at difEerent

temperatures. Thus any point in the diagram corresponds to

an alloy of definite composition existing at a definite tempera-

ture, the composition being that corresponding to the abscissa

of the point and the temperature that represented by the

ordinate. It wiU also be seen that the Unes joining the various

freezing-points, viz., the fines AEB, CEF and EL, divide the

Fig. 31.—Diagram illustrating the relation between arrest-points on
Thermal Curves and the lines of the Constitutional Diagram.

whole area of the diagram into a number of separate fields or

areas. If we look at the matter more closely we shall see that

each of these areas represents a definite state of the alloys.

Thus, if we take any point such as P, lying above the line AEB,
the alloy corresponding to that point will be completely liquid

;

any point lying above the Hne AEB represents an aUoy at a
temperature above that at which solidification can commence.
Next, if we take a point Q lying within the fines AE, EC, CA,
such a point must represent an aUoy partly sofid, partly Mquid,

and from what has been said above in describing the process of

freezing of such alloys we see that the part which is already
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solid Mdll consist of the pure metal A. The whole area or field

AECA thus represents alloys consisting of mixtures of solid A
with a residue of liquid, but it should be noted that the pro-

portion of solid to liquid will vary very widely for different

portions of this area. If now we take a point below the line EC,

we find that the alloy must be completely soUd, since the

line EC passes through the points of final solidification, or

freezing of the eutectic. The alloys in the region CEZX con-

sist of a mixture of solid A with sohd eutectic. Near the hne

CX the A constituent predominates, and the eutectic occupies

only a small proportion of the whole volume, but, as the

line EZ is approached, the eutectic is present in increasing

proportions until, when the line EZ itself is reached, the entire

alloy consists of the eutectic. This, of course, corresponds

with the fact indicated by the meeting of the various lines in

the point E, which indicates that for an alloy of this com-

position, i.e., for the eutectic alloy, the temperature of the

commencement of freezing is also the temperature of final

complete solidification, the eutectic alloy having thus a simple

freezing-point hke that of a pure metal. The condition of the

alloys corresponding to the remaining areas of the diagram

will readily be understood on the basis of those already

described ; the region BEDB corresponds to mixtures of

solid B with liquid, and the region ZEDY to mixtures of

solid B with sohd eutectic.

A diagram of this kind is generally known as an " equiU-

brium diagram " of the system of alloys in question ; this name
is apphed to it because the diagram indicates the conditions

which the alloys would assume for any given composition or

temperature, provided that they were allowed to attain equili-

brium. This latter proviso is very important, because in a

great many cases alloys can be brought to temperatures and
compositions indicated on such diagrams without assuming the

conditions implied by the diagram. These other conditions

are always of a more or less temporary and artificial nature

—

exposure to suitable temperatures which allow of more ready

adjustments of molecular conditions always results in allowing

the alloy gradually to revert to the condition of stable equili-
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brium. On the other hand, these other " meta-stable " condi-

tions are of very considerable importance, since most of the

metals in ordinary use are to some extent held in such a condi-

tion by the difficulty which their molecules experience in

rearranging themselves at ordinary temperatures. A striking

example of this class of phenomenon is found in hardened steel,

and, indeed, all industrial steel comes under this description to

some extent. The eqmlibrium diagram, however, shows the

"natural" state of the alloys, i.e., that state to which they

revert whenever the opportunity is given them to do so. In

many cases, however, where true equilibrium conditions are

not thoroughly known or cannot be even approximately realised

in the laboratory, the diagram represents partially meta-stable

conditions and is better termed a " constitutional " rather than

an "equilibrium" diagram.

Certain of the lines seen in the diagram of Fig. 31 have

received names which it will be convenient to define here.

Thus the lines AE, EB form the lower boundary of that region in

which the alloys are completely liquid ; they are sometimes

called the " melting-point curve," but since most of the alloys

do not possess a single " melting-point," it is preferable to

adopt the Latin term " liquidus " for this curve. Correspond-

ing to the line which bounds those regions of the diagram

which represent entirely fluid alloys, we have a line which
bounds those regions within which the alloys are completely

soUd, and this line is known as the " solidus " curve. In the

diagram of Fig. 30 the solidus curve is represented by the

simple straight line CED, but it must be remembered that this

diagram corresponds to an ideally simple case, the diagrams of

actual alloys being always much more complex. The above
definitions, however, hold in all cases.

We have now to consider some of the compUcations which
are introduced into both coohng-curves and constitutional

diagrams when the simple, ideal condition laid down above

—

that the two metals shall be mutually completely insoluble in

the solid state—^is departed from in varjdng degrees.

When the state of mutual solution of two metals remains
unchanged by the process of solidification, we have seen that
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the result, so far as the microscope is concerned, is the pro-

duction of a homogeneous mass of crystals quite similar to the

aggregate of crystals which constitutes a pure metal. Corre-

sponding to this micro-structure we should expect the cooMng-

curve of such a " soHd solution " to resemble that of a pure

metal. To a certain extent this is true, but there is an im-

portant difference, and one which is very apt, unless extremely

gradual cooling is resorted to, also to introduce a disturbing

factor into the resulting micro-structure. Experiment soon

shows that such soHd solutions do not possess a simple freezing-

point like that of pure metals, but that they show a " freezing

range," i.e., a range of temperature of definite extent over

which the freezing process extends. If the coohng process

were artificially arrested at any temperature lying within this

range, the alloy would be found to consist of a definite propor-

tion of soKd and liquid—a proportion which would be quite

fixed for any given temperature. The freezing process of a

sohd solution is therefore obviously different from that of a

pure substance, and we must now examine this difference.

In the first place, the temperature at which freezing com-

mences will, as a rule, be lower than that at which the pure

metal would freeze, and we find, further, that while in the case

of the pure metal during the freezing process the portion which

has already solidified is exactly the same in composition as that

which is still liquid, this is not and, indeed, cannot be the case

where the formation of a solid solution is concerned. For if

the part already frozen and the part still Hquid were exactly

alike in composition, their freezing temperature would also be

the same, and the rest of the hquid would soUdify without any

fall of temperature ; this is exactly what does occur in a pure

metal, but does not occur in a solid solution. Let us consider

an alloy containing a small proportion of B dissolved in A.

When freezing commences, the sohd which separates first

contains less B than the liquid alloy as a whole. The remaining

hquid is thus left richer in B than it originally was, and it

therefore possesses a lower freezing-point. As soon as the

temperature falls, a further quantity of soUd is formed, con-

taining more B than the first portion of solid, but less B than
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the liquid from which it is deposited. At this stage, therefore,

the alloy consists of cores of sohd containing least B, shells of

soHd surrounding them, containing rather more B, and a residual

liquid still richer in B. This, however, is not the stable con-

dition, for, if time be allowed, the composition of the whole

solid wiU become the same, viz., like that of the fresh solid

formed at the temperature in question; but this can only

occur by the slow process of diffusion, some of the excess of B
travelling from the Uquid through the already solid shell richer

in B to the core which contains the lowest proportion of B.

The process of sohdification, extended over a range of tempera-

tures as thus indicated, continues until the whole of the alloy

has become solid, provided that the composition of the alloy is

such that the limit of solubility of sohd B in solid A is not

passed at any time. If time be allowed, as already indicated,

the whole of the solid thus formed will attain one and the same
composition, and an aggregate of homogeneous crystals will

result. When, however, the rate of coohng has not been slow

enough to allow the process of diffusion to equahse the com-
position, each of the crystals of the sohd solution will consist

at the end of the freezing process of a core of metal relatively

poor in B, surrounded by successive shells or layers increasing

in their content of B from the centre outward. When alloys

of this kind, which have been cooled somewhat rapidly from
fusion, are examined under the microscope, very distinct traces

of the cores and shells just described are often found ; in some
cases the changes of composition between adjacent layers are

verystrongly marked, and the aUoy almost looks as if it possessed

a true duplex structure, while in other cases the changes of

composition are very gradual, and the cores then present a
shadowy, ghost-hke appearance which is very readily recognised

whenever met with. An example of such a " core " structure

has been shown above in Fig. 21, Plate VI.

The shape of the cooling-curve of an alloy of this kind is

shown in Fig. 32. The commencement of freezing is well

marked, but there is no definite arrest—the peak in the
inverse rate curve is spread over a range, and, although the
maximum departure of the curve is always found near the
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beginning of the procjess, the curve only returns to its normal

position at a temperature at which the whole of the alloy has

soUdified. The precise position of the end of the freezing

process, however, is not usually sharply defined on such curves.

As in the case of the class of alloys formed by metals which are

mutually insoluble in the solid state, the cooling-curves of a

system of alloys of metals which are mutually soluble in the

solid state can also be grouped

together in the form of a constitu-

tional diagram, although the shape

of this diagram is not so well defined.

A typical example is given in Fig. 33,

which represents the alloys of copper

and nickel.

The Hne ACB is the " liquidus"

forming the lower boundary of the

region in which the aUoys are com-

pletely Hquid ; the " solidus " is

indicated by the hne AsB, and the

relations of the coohng-curves to

the diagram are indicated by the

dotted lines representing the inverse-

rate cooling curves of a few of the

alloys of the series. The shape of

the liquidiis curve in such a system

of alloys, however, is not always of

the kind indicated in Fig. 33. In

certain cases the curve either droops

or rises in the centre, although it is

not quite certain whether in such

cases special disturbing causes may be at work, such as the

formation of a chemical compound between the two metals,

the compound, however, being completely soluble in either

of the constituent metals. With such questions we need not,

however, concern ourselves here—^the typical form of the

liquidus curve of a series of alloys forming solid solutions is

that of a smooth, continuous curve showing no sharp break

or angle. With this continuous form of curve the properties

P.M. H

Fig. 32.—Cooling Curve
showing the Freezing-
Range of an Alloy form-
ing a Solid Solution.
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of such alloys correspond very closely, also forming a

continuous series without sharp breaks or changes of

properties.

While the class of alloys consisting of metals entirely insoluble

in one another in the solid state may safely be regarded as an

ideal case never met with in practice, the class of alloys whose

constituent metals are mutually soluble in all proportions in the

soHd state is met with in quite a number of cases of actual

binary systems. In the greater number of cases, however,

Fig. 33.—Constitutional Diagram of the Alloys of Copper and Nickel,

typical of an uninterrupted series of Solid Solutions.

metals behave towards one another in an intermediate manner,

the metals being soluble in one another in the soHd state to

a definitely limited extent. The behaviour of their alloys

during freezing and the shape of their constitutional diagrams

is, therefore, also of an intermediate nature. Alloys whose

composition is such that their solidification implies no dis-

turbance of the state of mutual solution of the two metals

behave as if they belonged to class (a) described above, solidify-

ing in the manner typical of sohd solutions and exhibiting the

corresponding cooling curve and micro-structure. Thus, if
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metal A is capable of retaining say 8 per cent, of metal B in

solid solution, then alloys of A and B containing less than 8 per

cent, of B will, at aU events if slowly cooled, solidify as simple

solid solutions. On the other hand, those alloys of the series

whose composition places them beyond the limit of soHd

solubility of the metals at either end of the series behave in

most respects in a manner very similar to alloys of class (6)

described above. The only difference is that the solid which

Fig. 34.—Constitutional Diagram typical of Alloy Systems partly
eutectifeious but forming solid solutions at each end of the series.

first crystallises is not pure metal, but the saturated soHd
solution of one metal in the other, according to the end of the

series to which the particular alloy belongs. The cooling-

curves of alloys belonging to this portion of the series are in

every way like those of alloys of class (a), and the constitu-

tional diagram is correspondingly similar. The diagram of the

whole of such a system is, therefore, made up of three distinct

portions—a central portion BO resembling the diagrams of

class (a) and portions AB and CD at each end, typical of alloys

of class (6). A diagram of this type is shown in Fig. 34. The
h2
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alloys of silver and copper belong to this class. The liquidus

is, in a general way, very similar to that of a system entirely

belonging to class (a), but the solidua differs widely—^the line of

eutectic solidification does not extend to the two sides of the

diagram, the solidus being completed by two curved branches

leading from the end of the eutectic line up to the freezing-

points of the two metals. The diagram is again divided

up into fields which represent groups of alloys in different

conditions, but we need not enumerate them in detail,

since the reader will be able, by comparison with the two

simpler cases, to ^discover the interpretation of each field,

if it is not at once obvious to him from what has already

been said.

A further class of alloys, possessing a somewhat different

constitutional diagram from those already described, are those

systems in which definite inter-metallic compounds are found.

These, however, need but little separate discussion here, since

the whole matter can be regarded in a very simple manner.

From the point of view of cooling-curves and constitutional

diagrams, as well as from that of micro-structure, any definite

inter-metaUic compound may be regarded as being simply

another pure metal—^it is in fact a pure substance of metallic

character, so that this method of regarding it is by no means
strained. If, however, this idea be kept steadily in mind, the

facts concerning inter-metallic compounds are much simpUfied.

A system of alloys of two metals in which such compounds
occur is simply broken up into a series of systems. Thus, if

the metals A and B form the compound A„B„, the series of

alloys between A and B may be looked upon as two successive

series, one consisting of the alloys of A with the compound metal

A,„B„, and the other of the compound and the metal B. Each of

these systems has its own characteristic constitutional diagram
usually with series of soUd solutions, a eutectic alloy, etc., and
to obtain the complete diagram of the A-B system it is merely
necessary to juxtapose these two diagrams. In doing this, we
see at once that, since the compound A„B„ forms the right-

hand end of the first diagram and the left-hand end of the
second (see Fig. 35, relating to the alloys of magnesium and tin)
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the liquidus and solidus^ of both diagrams will meet at the

point which represents the freezing-point of the pure com-

pound A„B„, and—^what is more—^both solidus and liquidus

fall away from the point corresponding to the compound. It is

thus clear that in any complete constitutional diagram the

presence of a pure compound will be marked by (1) a maximum
point in the liquidus, and (2) a meeting-point of solidus and
liquidus. Correspondingly, in the micro-structure we find the

compound represented by the typical structure of a pure metal,

soo
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these compound bodies are always brittle and, as a rule, very

weak mechanically. Their presence in small proportions m
many cases serves to strengthen and stiffen metals or alloys

which would otherwise be unduly soft, but as soon as a notable

proportion of such a body is present the ductihty of the alloys

disappears. The same action, of course, also occurs where

pure metals, or solid solutions of pure metals, of a brittle

nature enter into the structure of an alloy, but the interesting

fact at the present point is the almost universal occurrence

of brittleness in the case of inter-metaUic compounds.

Another very important feature which is frequently met

with on constitutional diagrams has yet to be discussed ; this

feature is a horizontal line (or lines) representing a series of

changes occurring in some (or all) of the alloys at a temperature

below that of complete solidification. Such changes occur in

many solid alloys, in some cases at moderately high tempera-

tures, while in others the changes take place at quite low

temperatures. When the cooling-curves of such alloys are

followed to temperatures below the end of the freezing process,

fresh evolutions of heat, represented by peaks on the coohng-

curves, are met with. When these are observed in successive

members of a series of alloys they usually lie on a horizontal

Hne in the diagram, although in a certain number of cases

curved hues are met with. In the great majority of cases,

also, it is possible to trace some change of micro-structure

which is associated with the evolution of heat. Such changes

of structure are usually observed by means of a process known
as " quenching." For this purpose small pieces of the alloy

are raised to a temperature just above that at which the evolu-

tion of heat takes place and are kept at that temperature for a

sufficient length of time to attain the condition of equilibrium

which corresponds to that temperature. Then the specimen

of alloy is cooled as rapidly as possible, usually by immersion

in cold water. A special apparatus for effecting this operation

without either removing the specimen from the furnace in

which it has been heated, or exposing it to oxidising gases, has

been devised by the author (*), and by its aid this operation

can be effected with great precision. This apparatus is illus-
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trated in Fig. 36, Plate VIII. The very rapid cooling undergone

by the specimen of naetal in these circumstances is intended to

prevent the occurrence of the changewhich gives rise to the evolu-

tion of heat under study, and it is found in practice that, although

as a rule such changes cannot be entirely suppressed even by the

most rapid cooUng, they are reduced to such an extent that

a good idea of the true structure of the metal as it existed at

the quenchingtemperature canbe arrived at. A comparisonwith

the micro-structure of a piece of the same alloy when slowly

cooled, then serves to reveal the nature of the transformation

which the metal has undergone in passing through the change

accompanied by the heat-evolution. Photo-micrographs of

an alloy of copper and tin containing 13-4 per cent, of tin, one

slowly cooled, another quenched from a temperature of 700° C,
and a third annealed at 480° C, are shown in Figs. 58, 59, and 60,

Plate XII. Perhaps the best known of such changes are those

occurring in carbon steels, but these will be dealt with in a

later chapter.

The data for the establishment of a constitutional diagram

which are furnished by heating and cooHng-curves are not,

however, exhausted when the temperatures of all the observed

arrest-points are plotted on the diagram. The quantities of

heat evolved or absorbed at each of these arrest-points are also

of importance. Were it possible to measure these quantities

with any great degree of accuracy they would furnish data of the

highest importance, but in practice the quantitative indications

of thermal curves must be regarded as decidedly approximate.

Whether the simple duration of an arrest be observed, as has

been done by Tammann (®) and his collaborators, or whether

the more elaborate and accurate method of measuring the

areas of the peaks of carefully determined inverse-rate or

derived differential curves be adopted, as has been done by the

author ('), no very high degree of accuracy can be attained,

principally because the end-point of an arrest is never sharply

defined, and also because the conditions of heating and coohng

cannot be kept absolutely constant from one alloy to another.

Yet even the approximate data are useful, provided that care

is used in their interpretation ; this is particularly necessary
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where there is any possible doubt whether the heat-evolutions

which are being measured take place under conditions of

equilibrium or whether the alloys are in a partially meta-stable

condition. Where the latter is the case, the quantity of heat

evolved or absorbed in a given instance may vary owing to

causes outside those under immediate investigation, and false

conclusions may be arrived at. With these difficulties in mind,

the indications of a quantitative nature obtained from thermal

curves may be utilised to determine the concentration at which

a eutectic point occurs, since the heat evolved by the freezing

of the eutectic will be at a maximum in a specimen containing

nothing but eutectic, and will fall off regularly in alloys whose

composition lies on

either side of the

eutectic composition.

If the quantities of

heat evolved during

cooUng are plotted as

ordinates against the

composition of the

alloys as abscissae the

resulting curve shows

a peak or maximum
which indicates the

eutectic composition,

in the manner shown in Fig. 37. In the same way, the end

of a eutectic hne where it either abuts against a vertical

line indicating a compound or a pure metal, or where it

merges into the curved " solidus " of a series of sohd solu-

tions, as at F and H in Fig. 48, may be inferred by con-

tinuing such a curve as that of Fig. 37 to the point where it

crosses the axis of composition, but this extrapolation is always

rather uncertain. Similarly, where a compound is formed by
a reaction between solid and liquid portions of an alloy, the

composition of the compound may be determined by finding

much as in the case illustrated in Fig. 49, the composition
corresponding to the maximum heat-evolution

; but here it is

particularly important to be certain that in every case the

Composition of Alloy

Fig. 37.—Diagram of Thermal Analysis
Curves.
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reaction has had time to complete itself, otherwise the quantity

of heat evolved may depend more on the rate of cooling than

on the true composition of the compound.

The constitutional diagram as discussed in the preceding pages

would almost appear to be httle more than a summary of the

purely thermal data obtained from heating and coohng curves.

Yet while these are extremely useful and important in assisting

an investigator to establish such a diagram, they are not in

themselves quite sufficient for that purpose, and their indica-

tions must be checked and amplified by microscopic research.

In many cases this is merely a question of observing whether a

new constituent appears where the supposed lines of the

diagram would lead one to anticipate its coming, and whether

the typical eutectic structure occurs, as the diagram would

suggest. In other cases more elaborate investigation is

required. The use of annealing at a temperature just above a

line of thermal arrest - points, followed by quenching, has

already been mentioned. In some cases, however, lines of the

diagram cannot be located at all by the pyrometer and there

microscopic research is the principal resource. For instance,

since thermal curves only represent vertical sections of the

diagram, these curves cannot be used to fix the position of

vertical hnes in the diagram. Where these fines indicate the

limits of solid solubility their exact position can best be settled

by means of a series of small specimens of the alloys ranging

a short way on either side of the supposed line. These must
then be " annealed " for a long period—in some cases amount-

ing to many weeks—at exactly known temperatures, and
subsequently examined with the microscope. Up to a certain

hmit in composition they are found to have become homo-
geneous

—

i.e., after the prolonged annealing they consist

solely of a single constituent. Beyond that composition no

amount of prolonged heating will render them entirely homo-
geneous

—

i.e., traces of the second constituent persist to the

end. The Hmit of solubifity is thus fixed at the boundary

between these two different results. In the same way, quench-

ing experiments often serve as the only true guide to the

position of the " solidus " curve in a range of sofid solutions,
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We have already seen that thermal ciirves yield no satisfactory

indication of the exact end of the process of solidification.

This point can, however, be ascertained with considerable

accuracy by quenching small specimens of suitably chosen

alloys from a series of temperatures Ijdng slightly above and

shghtly below the temperature at which the " solidus " is

likely to be met. The specimens quenched from a temperature

shghtly above the solidus must contain, at the moment of

quenching, a very small amount of Hquid (molten) metal, and,

during the rapid coohng which occurs in quenching, this hquid

metal soHdifies very quickly and thus produces minute regions

of very fine structure. These " fusion spots " are readily

noticed when the specimen is afterwards pohshed and etched,

so that it becomes fairly easy to say which of a series of speci-

mens have been quenched from temperatures above and which

from below the " solidus."
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CHAPTER VI

THE CONSTrrtTTIONAL DIAGRAM AND THE PHYSICAL

PBOPEETIES OF ALLOYS

The " Constitutional Diagram " has so far been considered

almost entirely as a representation of the behaviour of the

aUoys at various temperatures so far as solidification and

fusion are concerned, but the diagram in reality relates to all

the physical properties of the materials—^indeed, in the case of

the lines of a diagram which relate to a transformation occurring

in the soUd alloys there is nothing in the nature of a change of

state connected with the passage from one of the fields of the

diagram to another. It is, however, a universal rule that

passage across the boundary of any of the fields of a properly

constructed constitutional diagram involves a change in most of

the physical properties of the alloys—^whether the transition

from one field to another be due to change of temperature or

change of chemical composition.

This coimection between the constitutional diagram and the

properties of alloys is, of course, not only useful for the purpose

of forecasting the probable properties of an alloy of given

composition from its position in the diagram, but it is also

available in the reverse way, for by the study of the changes

in physical properties of a group of alloys with changing com-
position and temperature, it is sometimes possible to fix with

accuracy the position of certain lines of the diagram which are

not readily ascertained by either microscopic or thermal

methods. Almost every physical property, and even some
essentially chemical or electro-chemical properties, have been

utilised in this way, and although none of them have as yet

proved as powerful for this purpose as the use of the pyrometer

and the microscope, yet valuable results and confirmations have
been obtained in this way.



108 STUDY OF PHYSICAL METALLURGY

It is not possible to enter into a detailed account of these

varied investigations here, and Httle more than an enumeration

will be attempted. The references to the Hterature wiU, how-

ever, enable the reader to follow up any of these paths of

inquiry as far as it has hitherto been explored.

One of the most obvious physical properties which might be

correlated with the constitutional diagram for the present

purpose is the specific volume (^) or density of metals and
alloys, and more particularly the changes which the specific

volume undergoes as the alloy is heated and ultimately melted,

or during the reverse process. This method has been employed

by Charpy and Grenet (*) for the study of the critical points in

steel, but it does not lend itself well to the exact study of changes

involving fusion or solidification. The author has attempted

an investigation of this kind for the more fusible alloys, such
as those of tin and lead, and has developed a method of differen-

tial weighing against a " neutral " body for that purpose (*)

;

unfortunately, however, the difficulty of finding a hquid in

which the specimens of alloys could be weighed at temperatures

up to and above their melting points has not yet been satis-

factorily solved. A certain amount of work has, however,
been accomplished on very fusible alloys—such as amalgams
and alloys of the alkah metals—^in Germany (*). The whole
subject has been very fully reviewed recently by Guertler, who
has worked out the theory of the whole matter very clearly.

Mention must also be made of the efforts of Turner (^) and Ms
collaborators (Murray, Ewen, Haughton, Chamberlain, and
others) who endeavoured to trace the volume changes in metals
and alloys by pouring the molten material into a sand mould
of a T shape and following the movements of the "free " end
of the metal by means of a dehcate indicator or " extenso-

meter." A very large amount of work has been done in this

way and some interesting results have been obtained, but,

unfortunately, the method is open to serious and fundamental
objections, and it is now admitted that the results, although in
certain cases they appear to be closely related to the form of
the constitutional diagram, cannot attain a degree of precision
sufficient to be of use in the determination of these diagrams.
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The relationship between magnetic properties and the

constitution of alloys is not as yet sufficiently well understood

to allow of magnetic measurements being satisfactorily em-
ployed for the study of alloy constitutions, although, of course,

the magnetic properties of iron and its aUoys are often con-

sidered in discussions of their constitutional diagrams, particu-

larly in relation to the much-discussed question of the " beta "

phase in pure iron and mild steels. Although these magnetic

properties have been very widely studied {*), it does not appear

to the author that they can be very safely used as critical data

in such questions ; the magnetic behaviour of any given piece of

iron or steel appears to be influenced in a very complex way by
its entire past history—thermal, mechanical and even magnetic

—on the one hand, while, on the other hand the magnetic pro-

perties would appear to be directly related to the nature of

the atoms of the element rather than to the arrangement

—

crystalline or molecular—in which those atoms may be present

at any given time. Apart from the alloys of iron there is only

a limited range of metals and alloys in which magnetic pro-

perties are sufficiently strongly marked to invite careful study.

Among these the alloys of copper with aluminium and man-
ganese, and some allied materials, generally known as " Heussler

alloys " (^), are of special interest since they constitute

materials showing comparatively strong magnetic properties

while they appear to contain no strongly magnetic element.

The fuller study of these questions, however, has shown that

several compounds of manganese behave as if that element

were magnetic when present in a certain state of combination,

and similar properties probably exist in other alHed elements.

Another interesting feature which connects the magnetic

properties of alloys with their constitution is the effect produced

on the magnetic hysteresis of pure iron by the addition of

various alloying elements in small quantities. It was thought

at one time that all impurities or intentional additions to pure

iron tended to increase its magnetic hysteresis, and for such

purposes as transformer sheets the aim was to produce the

purest possible commercial iron. In this respect the effect of

impurities or additions would have been strictly analogous to
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their effect on the electrical conductivity of metals. This

analogy, however, does not hold, since it has been found, that

the addition of certain elements, notably aluminium and

silicon, so far from increasing the hysteresis, markedly reduces

it {^). Study of the matter has shown that the effect of an

addition or impurity in this respect is a function of the relative

atomic volume ; elements whose atomic volume is less than

that of iron tend to increase the hysteresis, while those whose

atomic volume is greater have the opposite effect. This

observation has proved of considerable practical value in the

production of sheet iron of remarkably low hysteresis for

magnets and transformers, while it is also of considerable

theoretical interest in connection with the theories of magnetism

in metals, such as that of Ewing (^), and the " magneton "

theory of Weiss (").

The electrical properties are of far more immediate im-

portance in connection with the constitutional study of

metals and alloys. This method of investigation has now
attained such a degree of importance that no investigation

of the constitution of a system of alloys can be regarded as

really complete until a study of electrical conductivities

and their temperature coefficients has been carried out. A
very full statement of the relation between these electrical

properties and the constitution of alloys has been given by
Guertler (") in a paper read to the Institute of Metals in 1910

and only a brief indication of the wider aspects of the subject

can be given here.

In regard to electrical conductivity, observation has shown

most definitely that the highest conductivity is always found

in a pure metal, and that the presence of any alloying element

reduces the conductivity very materially, particularly if the

second element forms a soUd solution with the pure metal.

This occurs even in cases where the added metal itself is a far

better conductor than the metal to which it has been added.

A satisfactory physical explanation of these phenomena has

not yet been put forward, although an attempt is made to

account for the phenomena of electrical conductivity in metals

by the electron theory which supposes that the electric current
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in a metal is constituted by a stream of moving electrons ; the

electrical resistance of the metal then becomes a simple fric-

tional resistance to the movement of these electrons, but it is

not easy to see why the simultaneous presence of two or more

kinds of atoms or molecules—all of whose attendant electrons

are supposed to be aUke—should produce such striking effects.

The correlation between the phenomena of electrical con-

ductivity and the constitutional diagram of a system of aUoys

however, a very close one. If the specific electric conductivity

is plotted for a binary system it is found that some very

typical curves are obtained. Taking the various types of

binary systems in the same order as before, we have first those

in which there is a complete and unbroken series of solid solu-

tions between the two metals. For such a system the curve

of conductivities takes the form of a deep U, falling rapidly

from the pure metals at the ends of the series and becoming

more or less horizontal for the middle of the series. The depth

of the U is, however, very great ; thus in the copper-nickel

series, the aUoy known as " constantan " has a conductivity of

only one-thirtieth of that of copper, while it consists of 60

per cent, copper and 40 per cent, nickel.

In alloys of our second group, where no solid solutions are

formed, and in which, with the exception of the pure metals

forming the ends of the series and the eutectic alloy itself, aU the

members of the series consist, in the solid state, of crystals of one

of the metals embedded in the eutectic, the curve of electrical

conductivities assumes a very different shape. Here the two

metals are present in a state of simple mechanical mixture or

juxtaposition—there is no intermingling of the molecules, and

thus each retains its original electrical conductivity unaltered,

and the alloy exhibits a behaviour which is the arithmetic

mean of its two constituents. The curve of conductivities is

thus—^if plotted in relation to composition by volume—

a

simple straight line joining the values for the two simple metals.

Such an actual case is probably never met with in practice,

and, indeed, it can be shown that there must be a slight degree

of mutual sohd solubility between any two metals—complete

absence of molecular interpenetration cannot really exist.
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Consequently, although several binary systems of alloys

—

such as those of cadmium and zinc, and of lead and antimony

—

closely approach the Umiting case, in the majority of binary

10 80 90 /00%Ca
Cu

20 30 40 SO 60
Au Composition.

Fig. 38.—Curve of Specific Electric Conductivity typical of an
unbroken series of Solid Solutions. (Alloys of Gold and Copper.)

Co
30 100%Cu

Cu
40 SO 60
Composition.

Fig. 39.—Curve of Specific Electric Conductivity typical of a Euteoti-
ferous Series. (Alloys of Cobalt and Copper.)

alloys of the " eutectiferous " type, the curve of conductivity

drops sharply at either end for a short distance and then becomes
horizontal. This form is, of course, typical of the intermediate

type of alloys in which there is a limited range in which the

two metals form soHd solutions, the remainder of the systems
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being eutectiferous. Here we have a drop of the conductivity

curve at either end very marked, with a straight line forming

the intermediate part. Typical curves of this kind are given

in Figs. 38 and 39, representing data obtained from the alloys

of gold and copper, which form an unbroken series of soUd
solutions, and those of copper and cobalt, which are eutecti-

ferous over the greater part of their range. Reference to

these figures serves to show that, where the measurements of

electrical conductivity have been made on a sufiicient number
of alloys, it becomes possible to determine the type of the binary

Fig. 40.—Diagram illustrating Need for numerous Observations in

laying down Curves.

system in question from the shape of the conductivity curve.

The reservation as to a sufficient number of measurements is

essential, however, as with a few points only it would not be

possible to distinguish between the " sohd solution " and the
" intermediate eutectiferous " types. This is illustrated

diagrammatically in Fig. 40, where it is clearly shown how two
different types of curve may agree in fitting points representing

only a few determinations. The same remark also apphea,

by the way, to thermal and other data and, indeed, actual

mistakes in laying down a constitutional diagram have been

made in several instances owing to the fact that the observed

P.M. I
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points were too far apart to indicate all the important

features.

In the case of more complex alloys, containing either definite

compounds or series of solid solutions which are based upon

definite compounds, the conductivity curve assumes more

complex shapes. In these alloys new sohd constituents make

their appearance at various points along the axis of concentra-

tion, and corresponding to these sudden changes in structure

l^ CuJBi)^

30 40 50 60 70 80 30 /00XS6
^u Composition. Sb

Fig. 41.—Curve of Specific Conductivity for the Alloys of Copper and
Antimony, showing Discontinuities corresponding to definite

Compounds.

and constitution, the curve of conductivities generally, but

not always, changes its direction. As a rule, therefore, a

change of direction in the conductivity curve may be taken as

indicating that one has passed into a new field or region of the

equihbrium diagram, but it is not safe to conclude that, because

the conductivity curve shows no deflection, no line of the dia-

gram can have been crossed. Definite inter-metallic com-
pounds resemble pure metals in their conducting properties

to some extent

—

i.e., they conduct better than either mixtures
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or solid solutions containing them—^but they do not conduct

nearly so well as their component pure metals, nor does their

conductivity bear any numerical relation to the pure metals

and the proportions in which they are present in the compound.

As a rule, but again by no means universally, the existence

of a definite compound in a binary system is indicated by a

break in the conductivity curve, as shown at P in Fig. 41,

which relates to the alloys of copper and antimony, where two
compounds are indicated. Where such a break is met with

the existence of a corresponding compound can be inferred

with certainty, but the absence of a break is no proof of the

absence of a compound.

Beyond the study of the electrical conductivities of metals

and alloys it has also been found interesting to determine the

rate at which the conductivities change with variations of

temperature. The conductivities of pure metals always

decrease, in many cases with some rapidity, with rise of tem-

perature, while in the case of alloys it is generally found that

the " temperature coefficient " varies in accord with the

electrical conductivity itself, so that a pure metal having a

high conductivity exhibits a large temperature coefficient,

whUe an alloy of the soUd solution type which has a very low

conductivity also shows a low temperature coefficient. In-

cidentally this property is of importance in connection with

several well-known high-resistance alloys which possess the

additional advantage of exhibiting only shght changes in

resistance with variations of temperature. The alloy " Con-

stantan," containing copper 60 per cent., nickel 40 per cent.,

which has already been mentioned, is a typical example. The

use of curves representing the variation of the temperature

coefficient of electrical conductivity or resistance in connection

with the determination of the hnes of constitutional diagrams

has been suggested, and certainly possesses some important

advantages.

Before leaving the subject of electrical measurements on

alloys in connection with the estabUshment or interpretation

of constitutional diagrams, the experimental aspect of the

subject requires brief mention. Measurements of electrical

i2



116 STUDY OF PHYSICAL METALLURGY

properties, such as conductivity, resistance or temperature

coefficient, require a knowledge of the actual dimensions of

the specimen of metal employed. In the ordinary way such

measurements are made on drawn wires, whose length and

diameter can be readily measured to a high degree of accuracy.

Even relatively short, thick rods can be used for this pur-

pose, provided that the electrical instruments employed are

sufficiently sensitive. In every case, however, the accuracy of

the resulting measurement must depend upon the accuracy of

the measurements of the dimensions of the test-piece and these

in turn depend upon the regularity of the shape of the piece of

metal. Where metals and alloys can be obtained in the form

of drawn wires, or even of rods which can be accurately turned

in the lathe, no difficulty need arise. In the middle regions of

our binary series, however, the great majority of alloys are too

weak and brittle, not only for the purpose of drawing into

wires, but even to allow of being turned in a lathe. The
attempt is sometimes made to make electrical measurements
on such alloys on rods cast as nearly as may be to a circular

shape. Sometimes special devices are adopted for this purpose,

such as drawing the molten metal into a tube either by the

appHcation of suction or pressure. In most of these cases the

degree of regularity attained is insufficient for exact work,
principally because in a cast metal, and particularly if it is cast

in the form of a thin rod, there is no guarantee that there may
not be cavities or blow-holes, either of a relatively large size or

of microscopic dimensions, and their presence would interfere

vitaUy with the measurements. It would require an excessive

amount of labour to determine by subsequent sectioning and
microscopic examination that any given specimen had really

been free from cavities. An accurate density determination is

somewhat simpler, but is not quite conclusive, as no really

reliable standard of comparison is available.

A number of other physical properties of metals have also

been utilised in connection with the study of alloy systems.
These can only be briefly mentioned. The mechanical pro-
perties, such as hardness, tensile strength, elastic properties,
etc., are aU closely related to the position of the aUoy in the
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constitutional diagram, but, with the possible exception of hard-

ness, these properties are not measured with sufficient ease and

rapidity to invite their use in exploratory work. There is the

further difficulty that the mechanical properties of any metal

depend to a very large extent upon the mechanical and thermal

treatment which it has undergone, so that numerous factors

apart from chemical composition and constitution enter into

these matters. The study of the mechanical properties has,

therefore, been undertaken, in the great majority of cases, for

the sake of the value attached to a knowledge of those important

properties for their own sake rather than as a guide to the

constitution of a system of alloys. This whole question is

therefore treated in a separate chapter.

Other physical properties, such as specific heat, thermal

conductivity, etc., have been employed for the study of metals

and alloys, but not to an extent which would justify their

treatment here. The measurement of thermo-electric power

is a more promising method, but labours under certain diffi-

culties which are hkely to prevent its wide adoption. Rather

more consideration must, however, be given to some electro-

chemical and purely chemical methods of studying alloys.

The electro-chemical method consists in making determina-

tions on a series of alloys of the electric potential which is set

up when the specimen is used as an electrode in a specially-

arranged voltaic cell. By this means a concentration-potential

curve (") can be set up, and it is claimed that on this ciu:ve

the exact concentrations at which certain constituents appear

or disappear are clearly marked, and that the existence or

otherwise of definite compounds can be readily inferred. The
method has not as yet been widely applied, but it appears to

offer some advantages, although it suffers from one serious

difficulty in that the potential observed in a gifen case must

depend solely upon the constituents which are exposed, at the

time of experiment, to contact with the electrolyte of the cell.

If the alloy is of uniform composition and the structure is fine,

then the surface in contact with the electrolyte is almost

certainly adequately representative of the whole, but if the

constitution is coarse in structure, and particularly if one of the
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constituents exhibits a tendency to be surrounded by or

embedded in another, errors may arise.

The objection just raised applies with still greater force to

the purely chemical method of studying alloys which consists

in the endeavour to isolate the crystals of any definite com-

pound which they may contain. It frequently happens that

an inter-metaUic compound is considerably less soluble in some

reagent than the rest of the alloy, and prolonged exposure to

such a reagent should produce a residue consisting entirely of

the isolated crystals of the insoluble compound. This method

was extensively used before the modern methods of thermal and

microscopic analysis had been developed, and a very large crop

of so-called " definite alloys " or compounds was obtained by
the older workers. Lists of these may still be found in many
of the older text-books of chemistry. The modern methods

have, however, shown that the great majority of these com-

pounds were entirely fictitious, and that no place for them can be

found in any well-established constitutional diagram. This state

of affairs has rightly led to the method being largely discredited,

and the reasons for its failure are not far to seek. A study of

the micro-structure of alloys containing compounds serves to

show that we could not expect to separate them from the

surrounding metal by such a process of differential solution.

The crystals in many cases completely enclose particles of the

matrix, which is thereby entirely protected from solution. In

other cases, particularly where a chemical reaction occurs

between the crystals first deposited from solution and the

residual mother-liquor, the resulting compound or product

forms a relatively thin sheath around a core of totally different

composition. In stiU other cases, where an alloy consists of a

soUd solution which has not been given time to attain equili-

brium during the coohng process, the outer margins of crystals

may be more or less soluble than the cores, and this difference

will vary with the size of each individual crystal. If an
attempt is made to separate a " compound " from such a

material a certain residue will be obtained, but its composition

wiU not be that of any definite compound found in the alloys

in question. The whole method is thus beset with serious
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difficulties and used by itseK must be regarded as decidedly

weak, although in careful combination with the study of the

micro-structure valuable data can be obtained by its aid.

The discovery of the composition of the carbide of iron known
as " Cementite " by Abel, in 1885, was made by this process of

residue analysis and must stand as a notable achievement to

its credit.

Any general review of the subject of the constitutional

study of alloys and of the construction of equilibrium diagrams

would be incomplete without some reference to the thermo-

dynamic principle of physical chemistry known as " the phase

rule " (^^). This principle is sometimes employed as the basis

for the study of the whole subject treated in the present

chapter, but the writer has thought it preferable to approach

the subject from the experimental and observational side rather

than from a purely theoretical basis. The phase rule is a

simple arithmetical formula, deduced from the first principles of

thermo-dynamics, which enables us to state what will be the

behaviour of a mixture of any kind under given changes of

conditions. For this purpose the constituents of an alloy are

classified as "phases," any constituent which is spacially

distinct from the surrounding region being termed a " phase."

Each phase within itself must be regarded as completely

homogeneous and of one and the same chemical composition

throughout. Thus in a liquid or molten alloy (except in the

rare cases where two metals are present which do not mix

when molten) the entire system consists of a single phase, viz.,

the Hquid. A perfectly pure metal after solidification again

consists of only one single pheise ; during the process of solidi-

fication, however, since both hquid and solid are present

simultaneously, the system consists of two phases. But two

phases present at the same time need not differ in their physical

state ; thus every eutectic alloy, containing juxtaposed

crystals of two metals or of two solid solutions, consists of two

phases, since the two kinds of crystals are spacially distinct

from one another and are of different chemical composition.

The " phase rule " tells us how many such phases can be

present at any one time, when the alloys are in complete equiH-
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brium, under given conditions. These " conditions " are

determined by the three factors which affect the constitution

of an alloy, viz., chemical composition or " concentration,"

temperature and pressure. If any one of these conditions can

be changed without bringing about the complete disappearance

of an existing phase or the appearance of a new phase, then the

alloy is said to " possess a degree of freedom " in respect to

that condition. An alloy can, at most, possess three degrees

of freedom, i.e., one with regard to each of the conditions " con-

centration," "temperature," and "pressure." If we denote

this " degree of freedom " by the symbol /, the number of

phases present by the letter p, and the number of component

elements {i.e., metals) as n, then the " phase rule " may be

written

f=n-p + 2,

from which it will be seen at once that the greater the number

of phases present the fewer will be the remaining degrees of

freedom. It should also be noted at once that while the value

of / can never exceed 3, it can also never become negative, i.e.,

less than 0. This sets a limit to the possible number of phases

which can ever be present in a mixture containing a definite

number of components. In a binary alloy, where n = 2, p
can consequently never be greater than 4.

In the special case of alloys, with which we are solely con-

cerned here, one of the " conditions " may be disregarded, as

we do not usually vary the pressure far from that of the atmo-

sphere. When we consider the effects of stress, of course, this

may no longer be true, but for purposes of equihbrium diagrams

the pressure factor may as a rule be disregarded. If this is

done the system can never have more than two degrees of

freedom, and the formula of the phase rule becomes

f = n — p + 1.

For the simple binary system, where n = 2,p can consequently

never exceed 3 when the alloys are in equilibrium. This number
of phases, three, can, however, co-exist only when/= o and that

implies that a mixture of three phases in a binary system
possesses no degree of freedom, and can, therefore, exist at one
definite temperature and concentration only. In the equih-
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brium diagram this fact expresses itself in the circumstance

that four regions or " phase fields " can only meet at a single

point which represents a fixed temperature as well as a fixed

composition or concentration. In a simple binary eutectiferous

series the only point where three phases co-exist is at the

melting-point of the pure eutectic, since there we have hquid

in equihbrium with solid crystals of both component metals

at the same time. In the case of a pure metal, where n = 1,

f cannot exceed 2, and this number only occurs at the melting-

point.

This subject need not be pursued further here, especially as

its intricacies would require much space for their adequate

elucidation. A tendency exists in some quarters to attach

exaggerated importance to the " phase rule " as a guiding

principle in the study of alloys, but, although of undoubted

value, there are certain definite hmitations. The greatest of

these is that the rule is only fully apphcable to alloys in com-

plete equilibrium, and such complete equilibrium is rarely, if

ever, strictly attained. If, therefore, observation indicates

that the number of phases which appear in given circumstances

is at variance with the deductions from the phase rule, the

explanation is at once available that the alloys as examined

are not in final equihbrium. As a rule it must be admitted

that efforts to bring the alloys to a true equihbrium condition

always show at least a tendency towards the ehmination of

one of these redundant phases. In practice, however, many
of the most interesting, and also the most puzzhng, features in

alloy systems are associated with conditions of imperfect

equihbrium. Indeed, it may fairly be said that aU materials

which find practical appHcation in the arts depart more or

less from a state of physico-chemical equihbrium. So weU
recognised has such a condition become that its persistence

is admitted in the term used to describe it, viz.. " meta-

stable." The alloys employed in a meta-stable condition include

every kind of steel and almost all the more complex alloys.

The persistence of these meta-stable conditions is, of course,

due to the fact that most metals at the ordinary temperature

are sohd bodies possessing a liigh degree of rigidity or viscosity.
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i.e., offering very great internal resistance to molecular

re-arrangement of any kind. If, therefore, an alloy has once

been cooled down to the ordinary temperature at such a rate

that full equilibrium has not had time to estabUsh itself during

the cooUng process—and excessively slow rates of cooling

would in most cases be required in order to allow equihbrium

to be attained—the molecules and atoms of the material are

no longer sufficiently free to undergo re-arrangement and the

alloy retains its condition of meta-stabihty. Examination

of ancient metal objects, particularly of some from Egypt,

indicates that this persistence of meta-stable conditions may
last over many thousands of years and may for practical

purposes be regarded as permanent. It is only by raising the

temperature of the metal to a point high enough to afford the

molecules sufficient freedom to imdergo changes of arrange-

ment, and maintaining the metal at such a temperature for a

sufficiently long time—possibly many months—that equihbrium

can be attained.

These considerations naturally raise the question whether our

constitutional diagrams should rightly relate to these ultimate

conditions, only attainable in ideal circumstances, of complete

physico-chemical equilibrium, or to the practically far more

important meta-stable conditions. There can be no doubt as

to the answer : equihbrium diagrams must relate only to really

stable conditions of complete equihbrium. This is necessary,

since in those circumstances only is the constitution of an alloy

a fixed and definite thing ; in the case of meta-stable condi-

tions, however permanent they may be, there is no definitely

fixed condition—^the alloy will approximate more and more

closely to the ideal equihbrium condition the slower has been

the rate of coohng or the more prolonged the period of heating

or anneahng. Consequently, the true equihbrium diagram,

indicating the final equilibrium condition, stands as the limit

towards which the alloys tend and in terms of which it is alone

possible to express or to describe their intermediate meta-

stable conditions. Indeed, the skilful interpretation of any
equilibrium diagram will serve as a guide to the structures and
constitutions which the aUoys are likely to assume in their
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more usual meta-stable state resulting from ordinary practical

rates of cooling or even from intentionally accelerated cooling,

such as quenching. An endeavour to put this interpretation

of the equilibrium diagram upon a correct quantitative basis

has recently been made by Gulliver ("), and if his methods can

be sufficiently simplified for practical purposes, they should

lead to a still wider and more direct usefulness of the equili-

brium diagrams.

Our consideration of the constitution of alloys has so far

been confined, for the sake of simphcity, to binary systems

—

i.e., to alloys of two metals only, In practice, of course, alloys

only rarely belong to a simple binary system, since the majority

of industrial materials contain three or four component metals

or metalloids, in addition to impurities present in greater or

lesser amount. From the scientific point of view also, the

study of alloys must be pushed forward to include systems of

three component metals (ternary aUoys), and even of four or

more. The difficulty, however, Hes in the rapidly increasing

complexity of all constitutional and structural conditions when
the number of components is increased. For the ternary

alloys we still have available a method of clear and compara-

tively simple graphical representation, but for alloys of four

or more metals this aid fails us so far as any comprehensive

view is concerned, and the representation can only be made
piecemeal. In addition to this difficulty the fact must also be

faced that for the study of a ternary system an enormously

larger number of experimental determinations and observa-

tions must be made. If for the adequate investigation of a

binary system the study of fifty separate alloys is found

necessary, then a proportionately close study of a ternary

50 X 50
system would require the examination of ^ — 1)250

alloys—^in itself a stupendous task. In spite of this difficulty

the study of ternary systems is now being undertaken vigor-

ously, but it must be admitted that the closeness of observa-

tions is still far behind that which has been found desirable in

the best investigations of binary systens, so that the results on

ternary aUoys obtained by the majority of workers up to the
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present must be regarded rather as preliminary surveys than

as exhaustive studies.

The graphical representation of the constitution of a ternary

system of alloys is accomphshed by means of a " constitutional

model " in three dimensions in place of the plane constitutional

diagram which suffices for systems of two components. Where

the binary diagram is erected upon a single line as a basis,

points along the Hne indicating the composition of the mixture,

the ternary model is erected upon an area the points in which

Fig. 42.- -Triangular Diagram for Plotting the Composition of Ternary
Alloys.

indicate the composition of the triple mixture. This can be

most conveniently done by employing for the basis of the

equilibrium model an equilateral triangle drawn to such a

scale that its height is taken as 100. It is a well-known

property of such a triangle that the sum of the perpendicular

distances of any point within it from the thiee sides is equal to

the height of the triangle and is, therefore, constant over the

whole area of the triangle. These perpendicular distances

may thus be used to indicate the percentage composition of

every alloy of a ternary system. In the triangle ABC of Fig. 42
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perpendiculars have been dropped upon the three sides from

each of the three corners of the triangle, and each of these

perpendiculars has been divided into ten equal parts. If now
Unes are drawn through each of these divisions they will mark
all the points lying at equal distances of 10, 20, 30, etc., from

one of the three sides. This distance in every case represents

the percentage of that metal present in the alloy which is

placed in the diagram at the opposite corner of the triangle.

Thus the perpendicular Ax dropped from the corner A upon
the opposite side has its second division, representing 20 per

cent., at the point P. The hne RPT drawn through this point

parallel with the side BC of the triangle thus connects all the

points in the triangle whose composition is such that they

contain 20 per cent, of the metal A. Similarly the hnes drawn
through other points of that perpendicular, or through corre-

sponding points of the two other perpendiculars, connect aU

the points having a constant proportion of one metal. The
outside Unes of the triangle itself thus obviously represent the

three simple binary systems formed by the three component

metals taken two at a time, the corners representing the pure

metals themselves, exactly as the end vertical hnes of a binary

diagram represent the pure metals.

Since the composition of every possible member of a ternary

system can thus be represented by a point in an equilateral

triangle, the constitution of the ternary system can be repre-

sented in exactly the same way as that which we have seen

employed in the case of the binary systems, by the erection of

verticals upon the points representing alloys which have been

studied. In this way melting or freezing-points, eutectic

points, ^transformations and, indeed, every feature in the

equihbrium conditions of an alloy can be represented by
vertical plotting above the point representing its composition.

But while in the simple binary case these verticals were erected

on a single Une and could thus be shown on a single sheet of

paper, in the ternaries the result will be a model in which

surfaces take the place of the simple hnes of the binary

diagram. Thus we may erect verticals representing the tem-

perature at which solidification begins, and the ends of these





PHYSICAL PROPERTIES OF ALLOYS 127

tion of the ternary model in the first instance. Thus one might
begin with a binary series of metals A and B and then determine

a quasi-binary system—^in reality a section of the ternary

model—corresponding to the hne of the triangle representing

the system of A and B plus 5 per cent, of C, and following this

throughout the whole system by successive fines lying parallel

to AB. The data thus obtained will, of course, also make it

possible to plot the sections of the model along fines paraUel to

either of the two other sides. The series of sections thus

obtained may then be combined into a sofid model ; a very

convenient method is to erect sheets of thin, clear glass or

celluloid verticaUy upon a board graduated to represent the

basal triangle and then to draw the successive sections upon
the corresponding sheets of glass. The transparency of the

whole is then sufficient to enable the observer to obtain a good

idea of the true ternary equifibrium surfaces.

The apparent complexity both of these methods and of the

resulting surfaces might perhaps be regarded with some mis-

giving from the point of view of the utifity of such results, but

fortunately in those cases hitherto investigated, and particularly

in those relating to the more important afioys, considerable

simpfification is found applicable. We have already indicated

that in binary aUoys the more interesting and important

members always fie near the two ends of the series. Similarly

it is found that the majority of ternary and of complex afioys

consist predominatingly of one metal, or at most diverge only

sUghtly from a binary system. Within these fimits it has been

found that in the majority of cases the form of the ternary

surfaces is fairly simple and of such a nature that the sections

of the ternary model lying near the outer fines of the triangle

are not very widely different from the constitutional diagrams

of the fimiting binary series. The actual temperatures of the

various curves are, of course, altered more or less materiaUy,

and the various phase-fields are somewhat changed in shape

and extent ; but it is rare to find new phases entering into the

constitution of such aUoy groups. For that reason it becomes

possible to regard these ternary aUoys as modifications of the

nearest similar binary afioys by merely applying certain
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modifications or " corrections " to allow for the effect of the

third metal.

The conclusion to be drawn from what has just been said is

that the detailed study of ternary alloy systems from the

equihbrium point of view is not as yet of vital importance

except from the purely theoretical point of view. It is, of

course, far too early to suggest that the fuUer study of the

more complex systems may not reveal the existence of materials

of unexpected interest. Indeed, some such materials have

already been found, as, for instance, the Heussler magnetic

alloys and—^far more important—the whole series of ternary

alloy steels. Where such interesting materials are to be met
with, the full study of the ternary and even of more complex

equUibria is urgently wanted. Thus our whole understanding

of -the alloy steels is at the present time vague and our know-
ledge scrappy for want of a complete and systematic series of

investigations of these difiicult ternary systems. The only

reason why these investigations have not been undertaken

hitherto Hes in the fact of their great experimental difficulty

and expense. The complete and accurate survey of such

systems as iron-carbon-manganese, iron-carbon-nickel, and
other similar ones would undoubtedly clear up many of the

existing doubts and difficulties ; it is, however, for those

commercially interested in these materials to see that the

necessary time and money are made available for their study.
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CHAPTER VII

TYPICAL ALLOY SYSTEMS

In the preceding chapters the constitution and structure of

alloys has been treated in a very general way, with only passing

reference to individual series of alloys for purposes of illustra-

tion. The whole subject will, however, be rendered much
clearer by treating in somewhat greater detail the constitution

and structure of a few selected systems. Not only will this

serve to show the appHcation of the principles and methods

described in the previous chapters, but it will introduce the

reader to some of the more important facts concerning those

alloy systems with which the physical metallurgist is most

frequently called upon to deal. If one were to select the alloy

systems solely from the latter point of view, there can be no

doubt that the alloys of iron and carbon would call for attention

before any of the others. That particular system is, however,

of a very complex kind, and for that reason it is preferable to

postpone our detailed consideration of the iron-carbon alloys

until a shghtly later stage, when our acquaintance with other

alloys will make it easier to follow the intricacies of that most

important system.

The simplest type of binary alloy system, as we have seen in

the last chapter, would be one of the purely eutectiferous kind

in which the two metals are completely mutually insoluble in

the solid state. The equilibrium diagram for an ideal case of

this kind has already been given (Fig. 30, p. 91), and it is

beUeved that the alloys of lead and antimony approximate

very closely to this ideal limit. But even in those cases it is

probably only a question of sufficiently close and accurate

study to -discover that the real case departs more or less widely

from the ideal hmit. In the older books and papers dealing

with this subject it was customary to quote the alloys of lead

and tin as typical examples of «. binary series of this simple

k2
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type. More careful study has, however, shown that at the

lead end of this series at all events there is a considerable degree

of sohd solubility, lead forming with tin a series of solid solutions

containing up to about 16 per cent, of tin (^). The earher

mistaken ideas about these alloys arose from the fact that when

lead-tin alloys lying near the lead end of the series are allowed

to cool from fusion even at a slow rate, both the thermal arrest

due to the soHdification of eutectic and the corresponding

eutectic structure in the sohd alloy can be detected. This,

however, is solely due to the slowness with which these alloys

approach their true equihbrium condition. In the author's

experiments on this series it was found that heating at a tem-

perature of 175° C. for a period of six weeks was required in

order to bring the aUoys approximately into their final state.

The fuller study of the lead-tin series has also shown that the

simple ideal diagram requires modification in yet another way.

The aUoys are found to exhibit an evolution of heat on cooling

and a corresponding absorption of heat on heating at a tem-

perature which lies, for alloys containing from 16 to 63 per cent,

of tin, at 149° C. An explanation of this fine of arrest-points

has been put forward by Mazotto (^) to the effect that they are

due to a species of " under coohng " in consequence of which

the eutectic does not completely sohdify at the true eutectic

temperature, but remains in a meta-stable Hquid condition

untU the hmiting temperature of 150° C. is reached. It is

difficult to see how such a process of under cooUng can possibly

account for the absorption of heat at the same temperature

when the alloys are again heated, and there are several other

vital objections to this view. In the same way the view of

Degens (*) that a chemical compound is formed in the alloys at

the temperature in question will not bear critical examination

in the fight of the data obtained by the author. If a compound
were involved then the amount of heat evolved on cooUng

through this critical temperature would attain a maximum
value for alloys whose composition approached that of the

compound in question ; a maximum does occur, but the com-

position of the alloys near this maximum is not consistent with

any rational formula for a compound. The only remaining
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explanation is that put forward by the author—that the critical

temperature in question arises from a change in the metal lead

which at that temperature alters in its power of dissolving tin

in the solid state. This explanation is embodied in the consti-

tutional diagram given in Fig. 45, which is slightly modified

from that first published by the author and Tucker, in order to

bring it nearer to the requirements of the phase rule. Further

study of these alloys may well throw fresh fight on these

phenomena and result in a more satisfactory explanation, so
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too

fi \ (i ^ Eutectic
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Pb.

W * Eubectic
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Composition
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Pig. 45.—Constitutional Diagram of the Lead-Tin Alloys.

that the diagram below the eutectic fine must be regarded as

somewhat tentative.

The micro-structures associated with the various fields of

the lead-tin equifibrium diagram are very typical of the struc-

tures met with in all eutectiferous alloys. They have already

been illustrated in Figs. 24 to 27. A further example of these

alloys is given in Fig. 46 (Plate IX.), which shows one of the

structures typical of the lead-tin eutectic, having the laminated

character often associated with eutectics. This laminated

character, however, although often beautifully marked, is not

to be regarded as an essential feature of these substances. If

a specimen of a well-laminated eutectic is heated for a long time
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to a temperature a few degrees below its melting-point, the

structure gradually changes, various laminae coalescing to

form lumps or globules, and the result is a much coarser

granular structure. Such a granular structure may also be

obtained if the molten eutectic is very slowly cooled.

The eutectic alloy is the result, so far as its structure is

concerned, of the simultaneous crystallisation or freezing of the

two component metals. As a rule one of these acts as the

" predominant partner," and its own crystalline form or habit

determines the way in which the whole structure is arranged.

It has been shown that eutectic aUoys, like pure metals,

consist of an aggregate of juxtaposed crystals. These crystals

are, however, merely skeletons formed of one of the metals

—

the " predominant partner "—with the interstices filled in by
the other metal. In the case of the lead-tin alloys the tin is

the predominant metal, and each of the crystals of the eutectic

is in reahty a radiating structure, known as a " spherulite,"

of tin carrying the lead in its interstices.

The micro-structures illustrating the lead-tia series are

typical of other similar alloys, such as those of lead and anti-

mony. An interesting practical apphcation of certain alloys of

this latter series has recently been suggested by Hannover (*)

in the production of porous metal, principally for use in the

construction of electric storage batteries. For this purpose

he utihses an alloy somewhat Uke that illustrated in Fig. 25

while it is at a temperature lying between the lines AE and CE
of the diagram (Fig. 30)

—

i.e., within the temperature range

where the crystals of one metal (in this instance lead) are

already soHd but the eutectic is still fluid. By centrifuging

the alloy at this temperature Hannover has found it possible

to drive out the fluid eutectic, thus leaving behind a porous

mass of lead.

The constitutional diagram of the lead-tin series is also of

interest from the practical point of view, owing to the use of

some of these alloys for soft-soldering. The most fusible

and also the most homogeneous solder is formed by the eutectic

alloy of the series, containing 37 per cent, of lead ; owing to the

high price of tin, however, solders nearer the lead end of the
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series are more frequently employed, and for certain purposes

offer a decided advantage. The diagram shows that the

eutectic alloy soUdifies at a single definite temperature, but an
alloy containing equal parts of lead and tin has a solidification

range of 60° C. between the temperature at which crystals of

lead first begin to separate and that at which sohdification is

completed by the freezing of the residual eutectic. In such

work as the " wiping " of joints as practised by plumbers,

this range of temperature, in which the alloy (or solder) is in a

pasty stage, is utilised by the workman to bring the mass
gradually into the desired shape around his joint.

From the lead-tin series of alloys a number of ternary and
complex alloys are derived, some of which are of considerable

practical importance. Among these are the aUoys of lead

and tin with antimony, which are largely employed for

type-founding and for the production of bearing-metals.

We cannot go into the structure and constitution of these

ternary alloys in any detail, but it may be mentioned

that these alloys containing antimony largely owe their

value to the existence of a definite compound between tin and

antimony, having the formula SnSb {^). This is a hard, brittle

substance which appears in the alloys in the form of angular

crystals. The presence of these hard crystals tends to make
the alloys much stronger, stiffer and harder, but also more
brittle. For type-metal it is necessary to secure adequate

hardness and at the same time to have a metal which will fill

the minute interstices of a mould with great accuracy. The
actual composition of type-metal employed varies widely with

the special purpose for which it is required and the consequent

limitation which has to be imposed upon its price. This

consideration governs the amount of tin which can be intro-

duced. The structure of the aUoy is always rather complex,

but consists of primary crystals of either antimony or of the

antimony-tin compound, embedded in two layers of eutectic.

In the case of white bearing-metals the requirements are diffe-

rent—what is wanted is a metal sufficiently soft and plastic to

accomodate itself to the inequalities of the moving parts and

thus to afford them an even bearing, while it must also present
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a surface of sufficient hardness to prevent rapid abrasion.

The crystals of the tin-antimony compound serve to provide

the resisting hard surface, while the soft and plastic eutectics

in which they are embedded yield to the pressure and adapt

themselves to the needs of the bearing in question. The typical

structure of an alloy consisting of the hard crystals of SbSn

embedded in eutectic is shown in Fig. 47, Plate IX.

We now pass on to consider the constitutional diagram and

the correlated micro-structures of a decidedly more complex

system of alloys, viz., those of aluminium and zinc. This

10 20 30 40 SO 60 70 80 30 WO%Cl
Zn Composition. Al

Pig. 48.—Constitutional Diagram of the Zinc-Aluminium Alloys.

system still shows a weU-defined eutectic, but at the one end

of the series there is a long range of sohd solutions, while the

series also shows one definite compound possessing somewhat
remarkable features. This series is of interest £is forming the

basis of what are probably the best available light alloys of

aluminium, some of which combine a comparatively low

density (about 3*25) with the strength and toughness of mild

steel.

The constitutional diagram is shown in Fig. 48. In this

case also a much simpler diagram was for a long time generally

accepted ; the author and Archbutt (*), however, established

the diagram here shown which is itself not quite complete in
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regard to the region occupied by the dotted continuations of

the Unes CGH and IJKL. The diagram consists first of all

of the freezing-point curve or liquidus ABCD. Starting

from the zinc end, this runs down to a eutectic point B at a

concentration of about 5 per cent, of aluminium. From that

point the liquidus runs up smoothly to the point C, where a

small break or kink is found, and then again smoothly to the

point D, corresponding to pure aluminium. The " solidus
"

or curve bounding the region in which the alloys are completely

solid is given by the lines AEBFGHD. The curious feature

in this curve is the sudden step-up at the point F corresponding

to a concentration of about 78 per cent, of zinc and 32 per cent,

of aluminium, which represents the compound AlgZuj. The
reason for this step-up becomes quite plain when the manner
in which the compound AljZug is formed in these alloys, is

understood. Along the branch of the liquidus between C and
D the alloys begin to solidify, on coohng, by depositing crystals

of a solid solution of zinc in aluminium, this substance being

called 7 in the diagram. As the alloys cool further they

continue to deposit an increasing quantity of this y body until

they reach the temperature 443° C, which is indicated in the

diagram by the horizontal line CGH. Alloys lying to the

right of the point H, i.e., containing more than 60 per cent,

of aluminium, become completely solid before they reach this

temperature, and in that case it is possible that no further

change takes places in them, although the dotted continuation

of the line GH is intended to suggest that something does occur

even there. To the left of the point H, however, the alloys

are stiU partially liquid when the temperature 443° C is reached

and then a chemical reaction sets in, resulting in the absorption

of the residual liquid and the formation of the compound
Al^Znj. This reaction may be written

7 -f Liquid = AljZug.

The crystals of 7, as a result of this reaction, become coated

with a layer or sheath of the newly-formed compound, and as

soon as such a sheath has become completed the reaction in

the ordinary way comes to an end, even though the residual

liquid is not used up. Li this case the alloy remains in a meta-



138 STUDY OF PHYSICAL METALLURGY

stable condition and cools down to the temperature of the

line BPP, where the residual liquid solidifies as eutectic. This

is indicated by the dotted line FP which was formerly regarded

as the true eutectic line. If, however, these alloys are kept at

a temperature just below 443° C. for a considerable length of

time, the formation of the compound M^Zn^ is completed, by

the aid of slow diffusion, in spite of the protecting sheaths

above described, and when an aUoy so treated is further cooled

there is no residue of liquid and consequently no further

freezing takes place on the line FP.

This statement holds good for all alloys which contain less

zinc than the quantity required to convert the whole of the

alloy into the compound AlgZug

—

i.e., for alloys lying to the

right of the line FG. To the left of that line, however, there

is an excess of zinc, and no amount of prolonged heating will

cause the alloys to become completely solid at temperatures

just below 443° C. In other words, even after the whole of the

7 crystals have been converted into compound, a residue of

liquid remains and this solidifies as a eutectic of zinc and the

compound along the line BF. It is for this reason that the
" solidus " steps up at FG from the line BF to the line GH.
The line GH reaUy indicates the temperature which limits

the stable existence of the compound AlgZug, so that when
alloys cool down through that temperature the compound is

formed, and when they are heated up through it the compound
is again decomposed. At the point C this line cuts the liquidity

curve and we see that to the right of C the compound has

decomposed, on heating, before the alloys are completely

hquid, while to the left of C the compound melts without

having previously been decomposed. It follows that, con-

versely, on freezing, the alloys to the left of the point G begin

to solidify by depositing crystals, not of the 7 solid solution,

but of the compound AlgZnj. This difference accounts for the

small break in the liquidus curve at C.

The diagram contains another horizontal line IJKL, lying at

a temperature of 256° C. This line marks the lower limit of

stability of the compound AlgZng. On cooUng down past this

temperature the compound breaks up into a duplex structure,
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sometimes finely laminated, consisting of crystals of zinc and
of the saturated solid solution of zinc in aluminium which we
have already called 7. Along this line there are very well-

marked heat-evolutions in the cooling-curves of the alloys,

• and provided these have been so treated as to allow the reaction

at the temperature of the line CGH to be completed, these lower

heat-evolutions show a well-marked maximum at the concentra-

tion corresponding to the compound AlgZug. Conversely, in

alloys so treated, the eutectic heat-evolution at 381° C. dimin-

ishes at such a rate that it would just vanish entirely at the

concentration of the compound. The curves showing the rela-

tions of these heat-evolutions to the composition are repro-

duced in Fig. 49, since they serve as good examples of the way
in which careful measure-

ments of quantities of heat
^^^

evolved may be used as ^20

evidence for the existence ^ '"

of a definite compound. I

In Fig. 50 are shown a few ^20
of the cooHng-curves of

1
10

typical alloys of this series, &
^

and the reader will find it ^ ,„ m, •, , y ^ °°^"\
. , , . , 1 . . 1 Fig. 49.—Thermal Aualysis Curves of
mstructive to correlate the Zinc-Aluminium Alloys.

various heat-evolutions in-

dicated by the peaks on these curves with the lines of the

diagram.

The micro-structures found in the aUoys correspond exactly

with the deductions from the constitutional diagram of Fig. 48.

A few typical examples are shown in Figs. 51 to 53 (Plate X.).

The first of these (Fig. 51, Plate X.) shows a six-rayed dendritic

crystal of the compoimdAlgZuj embedded in eutectic ; this corre-

sponds to an alloy containing a httle less zinc than the eutectic

composition. The edges of this dendritic crystal show signs of

decomposition, which has taken place while cooKng through the

hne JK. This is more fully shown in the next two figures, which

relate to an alloy lying just to the right of the hne FG. In

Fig. 52, Plate X., we see the blank, uniform structure of this aUoy

which, after prolonged heating at 440° C. in order to allow the

Arrests atZSB'C
in a/loys after

/ono

3t4-2S
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formation of the compound to be completed, has then been

quenched in order to avoid decomposition while passing through

the hne KL. The same alloy after re-heating to a temperature

a few degrees below the Hne KL, in order to allow the normal

decomposition of the compound to take place, is shown in

Fig. 53, Plate X., where the laminated structure of the decom-

position products is well shown. Alloys Ijdng near the right-

hand (aluminium) end of the series do not show these changes,

and, if treated so as to attain their equihbrium condition.



TYPICAL ALLOY SYSTEMS 141

attention will be very largely confined to those regions of the

diagrams which relate to the more important alloys of the

series in each case. For fuller details reference must be made
to special works dealing with each group of alloys.

The constitutional diagram of the aUoys of copper with zinc

is shown in Fig. 54. Essentially this is the diagram estabhshed

by Shepherd (') and practically universally accepted ; a
modification due to the work of Carpenter {^) on the yS phase

1

1

Id 20 30 40 50
,

GO 7d 80
Cu Composition.

Fig. 64.—Constitutional Diagram of the Zinc-Copper Alloys.
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of these alloys has, however, been included, affecting the Unes

in the region occupied wholly or in part by the j8 phase.

The diagram shows in all six phases, but we shall only deal

with the first three of these, viz., those denoted in the diagram

by the letters a, 13 and y. The first of these bodies is the a

phase ; this is a sohd solution of zinc in copper, and may
contain as much as 37 per cent, of zinc. The position of the

point 6 in the diagram indicates the limiting composition of

the alloys which never contain anything but the a body

—

i.e.,
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from the moment of incipient solidification down to the ordinary

temperature, whether cooled slowly or quickly, the alloys

containing less than 30 per cent, of zinc always consist entirely

of the pure a body, but it does not follow from this that the

alloys are necessarily entirely homogeneous in all circumstances.

If we recall the process of freezing, as already described for a

solid solution, we see that in the case of an alloy containing,

say, 20 per cent, of zinc, the solid which first separates when
the alloy begins to freeze wiU have approximately the com-
position 8 per cent, zinc, 92 per cent, copper. If the cooling

at this stage is not slow enough to allow of the attainment of

complete equilibrium, the central portion of each crystal, i.e.,

the portion first formed, will remain to the end considerably

richer in copper than the outer or later-formed portions of the

crystals. Each crystal of metal of such composition will, in

these circumstances, consist of a core which is richer in copper
and an outer portion which is poorer in copper, than the average
composition of the alloy. A quickly-cooled alloy in the

cast condition thus shows an apparent duplex structure,

although consisting of only one phase, for although the layers

of soUd solution of varying concentration which form these

crystals are all forms of the same a phase, their different con-

centration renders them susceptible to the attack of etching

reagents to different degrees ; by most reagents the regions

richest in copper are less attacked than those which contain a
larger proportion of zinc. Since those portions of the crystals

which are first formed consist of the dendritic arms and branches
already described as occurring in the early stages of the freezing

of a metal, the etched pattern of such an aUoy reveals this

dendritic structure, and in some circumstances this may be
almost as clearly defined as if the outer regions of the crystals

really consisted of a different phase. An example of this kind
has already been shown in Fig. 26, Plate VII.

When, however, such an aUoy is slowly cooled, or, after rapid
initial cooling, is subsequently heated so as to allow of the
attainment of equifibrium by the slow process of diffusion, the
metal becomes entirely homogeneous, the dendritic cores
disappear, and we have again the familiar aggregate of homo-



TYPICAL ALLOY SYSTEMS 143

geneous crystals such £is are seen in all pure metals. It should

be noted that the mechanical work and subsequent annealing

.

which occur in the working of brass as usually carried out are

also sufficient to render the metal homogeneous in this sense,

with the result that wrought brasses containing less than

30 per cent, of zinc do not as a rule show any trace of dendritic

structure ; their structure in fact is very similar to that of pure

copper when treated in the same way, i.e., it consists of an
aggregate of crystals whose size depends upon the manner of

heating and working, but these crystals show the strongly

marked characteristics of a freely " twinned " structure. An
example is shown in Fig. 55, Plate XI.

When we pass beyond the range of alloys terminated by the

point b of the diagram and examine alloys containing from

30 to 37 per cent, of zinc, we meet with a different state of

affairs, as we have now entered a region in which the /3 phase

plays a part. In these alloys crystallisation commences, on
cooUng past the hne AB, in much the same manner as in the

first class described above, but this only continues for a short

time, until in fact the temperature of the line bB (about 880° C.)

is reached. The solid which is formed above this temperature

is still the a body, but at this temperature the remaining liquid

freezes in the form of the second phase, j9. While the a body,

consisting as it does chiefly of copper in the free state in which

a relatively small proportion of zinc is held in solution, retains

most of the properties of copper, and is, therefore, a compara-

tively soft and very ductile body, which can be readily worked

in the cold, the phase is a much harder, stronger, but also

much less ductile body, and its presence in the alloy at once

makes itself felt by a decided increase in the strength and hard-

ness, but also in an equivalent decrease in ductility, which soon

makes cold working impossible. For this reason the subsequent

cooling-process of this particular group of aUoys is of special

interest and importance. Owing to the shape of the hne be,

these alloys on cooHng pass from the region in which both

o and y8 can exist side by side into a region where a only is

stable, and where, therefore, jS either does not exist at all or

only occurs as a meta-stable form, i.e., a form which has been
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preserved in existence by cooling the alloy at a rate too rapid

to allow of the completion of a change which is necessary for

the attainment of equilibrium. In the present case the /8 body

tends to change into the a body when the alloy passes through

the temperature represented by that point on the hne be,

which concerns that particular alloy. If the alloy is slowly

cooled this change takes place and the relatively hard /3 body

disappears, and the alloy is reduced to an homogeneous aggregate

of a crystals. If, however, the coohng is too rapid to allow this

change to occur or to be completed, the alloy retains a certain

amount of the /3 body in its constitution and is thereby rendered

harder and more brittle. The anneahng and subsequent cooling

of such alloys is, therefore, capable of modifying their properties

in a very decided manner.

When the proportion of zinc indicated by the point 6 is

exceeded, i.e., in alloys containing more than 37 per cent, of

zinc, the /3 phase remains stable at all temperatures down to

470° C, and the slowly-cooled alloys possess a duplex structure

which is well seen in ordinary Muntz metal (approximately

40 per cent, of zinc), as in Fig. 56, Plate XI. Rapid coohng

from a suitably high temperature also affects the structure and
constitution of these alloys, for rapid cooling from temperatures

lying above the hne jBc^ wlQ result in the suppression of the

/8 to a change, and the alloys may even be obtained as a homo-
geneous mass of the /3 phase. Here, again, heat-treatment is

capable of profoundly modifying the structure and constitution,

and consequently the properties, of the alloys (').

The region of true stabihty of the fi body is conjfined, accord-

ing to Carpenter {^), to temperatures above 470° C. At this

temperature a hne of small heat-evolutions occurs in the thermal

curves of these alloys, and Carpenter considers that this indicates

the decomposition of the phase into a and y. In accordance

with this view the hnes of the diagram starting from the points

B and C respectively are drawn to meet at the point c^ on the

hne djd2. The decomposition of the ^ phase which occurs

along this hne is not readily seen under the microscope, nor can
the decomposition products of the pure jS phase be caused to

coalesce into lumps or laminae visible under moderate magnifi-
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cation, although such coalescence appears to occur in the

presence of certain third elements. How far this supposed

decomposition of the yS body affects the mechanical or other

physical properties of the alloys is also not yet ascertained,

although it has been suggested that it plays a part in the spon-

taneous cracking of certain brass articles. Further evidence

must, however, be awaited before much weight can be attached

to this whole matter.

In the region of the diagram enclosed by the lines BC, Cc^,

CjB, the alloys consist entirely of the /8 phase, and it is interest-

ing to note that it is this phase which, while comparatively hard

and brittle in the cold, lends itself to hot roUing and forging,

while the a phase, which is soft and ductile at the ordinary

temperature, is generally regarded as being too weak and

friable when hot to withstand hot working.' At the ordinary

temperatures the alloys lying between the points d^ and Ci appear

to consist of a mixture of the a with the /3 body, while those

between the point Ci and d^ appear to consist of a mixture of the

)8 and 7 phases. This latter phase is exceedingly hard and

brittle and its presence in the alloys renders them useless for

any purpose where strength and toughness are required.

This is a tj^ical example of a law very widely apphcable to

aUoys, viz., that those phases of a binary system which contain

the two elements in anything like equal proportions are hard

and brittle, only the alloys near the ends of a series being as a

rule sufficiently strong and ductile to be of practical utihty.

We have already seen that the /3 phase is harder and more

brittle than the a, so much so that the best brasses, in which

strength and ductility are of importance, are generally made with

a zinc-content of approximately 30 per cent., this being the

cheapest alloy which does not contain the /8 phase. For many
purposes the 60/40 brass (Muntz metal) is still sufficiently

ductile, but with the appearance of the 7 phase the strength of

the brass diminishes rapidly and its ductility is still further

reduced, so that brasses containing such large proportions of

' The author has recently seen a 70/30 brass hot-rolled quite success-

fuUy, and it therefore seems that the hot-shortness of the brasses may
not be an inherent property of the alloys.

P.M. L
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zinc are of little importance for engineering purposes. It is

perhaps worthy of notice at this point that the zinc-copper

alloys are particularly noticeable on account of the wide range

of composition over which they show useful mechanical pro-

perties. In the tin-copper and aluminium-copper series a

content of 15 per cent, of the added metal is sufficient to destroy

the ductility of the alloys. The fact that zinc is itself a cheap

element, and the further unique fact that 30 per cent, of it can

be added to copper before a second phase makes its appearance,

act together to bring about the wide utihty and numerous

applications of the brasses as compared with all other copper

alloys. The shape of the constitutional diagram has thus a

most direct practical bearing on the scope and utihty of the

system of alloys which it represents.

The micro-structure of the zinc-copper alloys has already

been referred to in describing their constitution, and the

structure of the o alloys has been illustrated in the cast

" cored " condition and in the worked and annealed condition

in Figs. 21 and 55, Plates VI. and XI. The duplex structure

of the alloys corresponding to the fields of the diagram in

which the a and yS phases appear together is shown in Fig. 56,

Plate XI., which is typical of Muntz metal, zinc 40 per cent.,

copper 60 per cent. The /8 shown in this micrograph is, of course,

" apparent /3," and, according to Carpenter's view, would consist

of an almost ultra-microscopic mixture of a and 7.

We now pass on to the consideration of the constitution and
structure of another important group of the alloys of copper,

viz., those with tin. The constitutional diagram of this

system has been very carefully worked out by Heycock and
Neville (^o) in a classical research, but their diagram was
admittedly incomplete, and it has to a certain extent been

modified by the subsequent work of Shepherd and Blough (^^),

and of GioUitti (^^). Even now it is doubtful whether the

intricacies of this complex system have been completely worked
out. The diagram as given in Fig. 57 also embodies modifica-

tions suggested by Hoyt (^^), but our discussion of the alloys

must again be confined to those near the copper end of the

series, which are the most important for all practical purposes.
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These may be taken as having a tin-content of less than

20 per cent.

In these alloys, according to the diagram, we shall only meet

with three constituents, viz., those denoted by o, |3, and B.

The very complex changes undergone by the alloys ranging

from 20 to 40 per cent, of tin do not extend to the range of

Cu
8030 4-0 50 60

Composition

.

Fig. 57.—Constitutional Diagram of the Tin-Copper Alloys.

ioo%s„
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bronzes ordinarily employed for engineering purposes. The
transformation which occurs along the line PQ is, however,

of great imporance in regard to aU bronzes containing more than
12 per cent, of tin.

The micro-structure of tin-copper alloys containing less than
10 per cent, of tin is very simple and exactly similar to that

of the corresponding zinc-copper alloys, being that of a simple

l2
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solid solution of a tin-copper compound in copper. When
rapidly solidified these alloys exhibit the dendritic structure

characteristic of solid solutions which have not attained

equihbrium, but slower freezing, or subsequent annealing at a

high temperature, obliterates the difEerences of composition

which exist between the cores and the peripheral regions of

the crystals, and results in the formation of the uniform crystal-

line aggregate with which we are already familiar. This

change, however, very materially affects the strength and other

properties of the metal—the rapidly-cooled material being

very much superior from the mechanical point of view to that

obtained by slow cooMng. Hot rolling, of course, further

improves the strength of the material. Cold working—^in

these as in other metals—hardens the material, increasing

its ultimate strength, but seriously reducing its ductiUty.

In the case of bronzes, with the exception of those containing

very little tin, the hardening effect of rolhng in the cold is much
more marked and rapid than is the case with copper-zinc

alloys. Bronzes somewhat richer in tin cannot be rolled or

worked to any considerable extent in the cold. The analogy

between the a body of the tin-copper series and the a body

of the zinc-copper aUoys is in many respects very close ; under

the influence of mechanical work and annealing hoih these

bodies assume the rectilinear forms characteristic of twinned

crystals, such as that illustrated in Fig. 55, Plate XL The

a body of the aluminium-copper series behaves in a similar

manner.

Alloys lying in the short range between the points E. and S

in the diagram correspond to the second group of the zinc-

copper alloys to this extent, that while their soHdification begins

by the deposition of the a body, it is completed, along the line

RS, by deposition of /3. Only those near the point R, however,

lying vertically above the curve RT, are completely trans-

formed into a, even by very slow coohng. Those lying to the

right of the composition corresponding to the point T undergo
a transformation whereby the ^ originally present is trans-

formed finally into a mixture of a and S phases. According

to the diagrams of Heycock and Neville, and of Shepherd and
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Blough, this is a direct transformation at the temperature of

the Hne PR according to the equation

^ = a + b.

Hoyt, however, has found evidence for the existence of an

intermediate transformation along the line TU, where /8 is

transformed into an intermediate phase, 7. In either case the

finally resulting phase, S, is much harder and more brittle than

/8, so that the mechanical properties of the alloys are improved

by quenching in such a way as to retain the ^ phase. The
various conditions of micro-structure found in an alloy of this

group are illustrated in Figs. 58, 59 and 60, Plate XII., which

represent the structure of an alloy containing 18 per cent, of

tin in various conditions, as slowly cooled in the ordinary

way. Fig. 58, Fig. 59, as annealed at 750° C. for thirty minutes

and quenched (thus being in the a -{- ^ state), and Fig. 60

after annealing at 450° C. (just below the hne PQ) in order

to complete the transformation, thus bringing the aUoy into the

a + B condition.

The alloys richer in tin, particularly those covering the

intricate part of the diagram relating to alloys containing

between 20 and 40 per cent, of tin, although of great theoretical

interest, cannot be dealt with here, as a discussion of their

constitution and micro-structure would occupy too much
space. Such a discussion is further rendered difl&cult by the

fact that the exact details of the constitution are not yet defi-

nitely settled. Only one point of particular interest must be

mentioned ; this relates to the fact that owing to the peculiar

form of the constitutional diagram the alloys containing from

33 to 37 per cent, of copper exhibit a very unusual behaviour,

which consists in first undergoing sohdification in the usual

manner, but afterwards—on cooling to a lower temperature

—

again becoming hquid, and only then undergoing final sohdifica-

tion at a still lower temperature. Such behaviour can, of

course, only be explained by the occurrence of a chemical

reaction as the result of which the crystals of a soHd solution

are transformed into a compound—or a solution of a compound
in an excess of one of its constituents—^which is more fusible

than the original soHd solution, with the result that the forma-
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tion of the compound on cooMng through a critical temperature

is accompanied by the fusion of the alloy which had just

previously soUdified.

In the preceding sections the constitution and structure of

typical members of the two binary series—zinc-copper and

tin-copper—^have been very briefly discussed. A very large

number of important alloys, however, although closely related

to these two series, are essentially ternary alloys in which both

Fig. 61.—Diagram of the Constitution of the ternary alloys of Tin, Zinc
and Copper, rich in Copper.

zinc and tin are present. In view of the complexity of both

the two binary systems, it might be anticipated that the ternary

equilibrium would be excessively complicated. Actually the

systematic investigation of these ternary alloys has only been

undertaken quite recently by Hoyt (^^), but although that

author has obtained interesting and valuable data, it cannot

be considered that these alloys have been fully explored as yet.

As far as it goes, Hoyt's ternary diagram is reproduced in

Fig. 61. The diagram relates only to the corner of the ternary

triangle representing the alloys rich in copper ; the figure shows
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the binary diagrams of the zinc-copper and the tin-copper

systems folded down to either side of the triangle, while the

maimer in which the various regions of the binary diagrams

are connected in the ternary diagram are shown by the lines

drawn on the ternary triangle. From these it will be seen that

there is a large area, marked a in the diagram, in which the

alloys solidify as a simple a soMd solution, whose structure and

properties resemble those of the a constituent of either of the

two binary systems, the tin and zinc simply replacing one

another, although this replacement is not without influence on

the mechanical properties. This field is marked Cu 8, 8 in

Hoyt's diagram. Next to this lies the region 8, 8, 7, 7, in which

the alloys contain two phases, one the soHd solution, and the

second the y phase, which is similar to the corresponding phase

of the zinc-copper system. Within this region, however, the

structures of the alloys vary according to their mode of solidi-

fication and subsequent transformations ; in those near the

fine 7, 7, and particularly near the zinc-copper side of the

diagram, a duplex structure, consisting of the a and y phases,

is found, and this is regarded as the product of decomposition

of the ^ phase of the zinc-copper system, this decomposition

being rendered more evident by the presence of tin.

The ternary system just described is by no means the only

one which is of interest and importance in connection with the

alloys of copper, but the matter cannot be pursued here. It

should be pointed out, however, that the influence of a third

metal or metalloid on a system of alloys cannot be fully under-

stood until the constitution of the ternary system formed by
that third element with the primary system has been studied

and elucidated. As an approximation, it is sometimes sufiicient

to determine " the effects of small additions " of the third

element to the binary system, but this is in some cases an un-

satisfactory proceeding, chiefly because traces of new consti-

tuents which may appear are Ukely to be overlooked or their

true significance misunderstood if only the alloys lying very

close to the true binary system are studied. It is to be hoped,

therefore, that the difl&cult and tedious exploration of ternary

systems will be steadily pursued.
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Mention may be made here of certain alloys which belong

really to the class of ternaries just referred to, but whose true

constitution is not yet fuUy worked out. Their practical

importance, however, demands some reference to them.

The addition of phosphorus to copper (") and its alloys is

well known to improve the mechanical qualities of the metal,

particularly if the quantity is carefully adjusted. This is not

in reality due to the formation of any new alloy, since the

phosphorus serves simply to remove the oxides present in

the molten metal, the phosphoric oxide passing into the

slag or scum on the surface. When melted in the ordinary

way, copper and its alloys are always more or less seriously

contaminated with oxides. In the case of copper the presence

of the oxide is easily recognised under the microscope (^), and

its influence on the properties of the metal is well known. For

electrical purposes the presence of oxide is particularly un-

desirable, but the use of phosphorus for its removal is not

satisfactory, owing to the fact that any slight excess of the

metalloid remaining in the copper would seriously affect its

conductivity and its mechanical properties. For that reason

a more satisfactory deoxidisor for copper has been sought, and

it is believed to have been found in the substance known as

boron sub-oxide (^•). In the zinc-copper and the tin-copper

alloys oxide is also habitually present. In the tin-copper

series it can be readily detected both analytically and under

the microscope, as Heyn and Bauer (") have shown very

clearly. In the zinc-copper series its detection by either method
is very difficult. The use of phosphorus for the removal of

oxide is principally practised in the case of the tin-copper

alloys. When the quantity of added phosphorus—which is

usually introduced in the form of either a phosphorus-copper

or a phosphorus-tin alloy—is so adjusted that the phosphorus

is entirely or almost entirely oxidised, the resulting material is

not reaUy a ternary alloy, but merely a purified tin-copper alloy,

which is, therefore, somewhat misdescribed by the term
" phosphor bronze " (^^). When larger quantities of phos-

phorus are introduced, the metalloid is found in the resulting

alloy in the form of a definite compound, a phosphide of copper.
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which is hard and brittle. The presence of this substance in

the alloys, where it is readily distinguished under the micro-

scope, renders them much harder and stiffer than the pure tin-

copper alloys, but at the same time renders them comparatively

brittle. As a consequence, these alloys—containing up to

1-5 per cent, of phosphorus—are employed principally for bear-

ing-metals, where the copper-phosphide plays much the same
part which the tin-antimony compound plays in certain white-

metal bearings.

Metallic manganese may also be employed as a deoxidising

agent in copper aUoys, and although it is a less active reducing

agent than phosphorus, it has the considerable advantage that

if used in excess it does not render the alloys hard and brittle.

Manganese does not form any definite compounds with copper,

the copper-manganese constitutional diagram being that of an
unbroken series of solid solutions, although this particular

system exhibits a minimum in the liquidus which somewhat
recalls a eutectiferous system. The presence of small quantities

of manganese in alloys of copper with zinc or tin, therefore, does

not as a rule give rise to the formation of any new constituents
;

the manganese enters into solid solution, and merely adds its

quota to the hardening effect of the dissolved metals.

A more powerful deoxidising agent than manganese is

furnished by aluminium, but this differs from manganese in

two vitally important respects. In the first place, the oxida-

tion product of aluminium is a particularly refractory substance

—alumina—which has a strong tendency to remain in the molten

metal in suspension as fine particles. These, of course, tend

to lessen the strength and toughness of the alloy. Beyond this,

aluminium exerts a very powerful hardening effect on copper,

owing to the fact that it enters into chemical combination with

that metal. Both these reasons militate against the use of

aluminium as a deoxidising agent for alloys of copper, although

it is employed for that purpose in the metallurgy of steel.

Returning to the binary aUoys of copper, those with

aluminium remain to be considered. These are of interest

in several directions ; their constitutional diagram presents a

number of peculiar features, some of which have not yet been



154 STUDY OF PHYSICAL METALLURGY

fully elucidated, although the subject has received much study

at the hands of Carpenter and Edwards ("), Curry C^), and

others (2*). A constitutional diagram based on their results

is reproduced in Fig. 62, but this must still be regarded as

somewhat tentative. From the point of view of practical

apphcation the alloys at the copper end of the series, con-

taining up to 10 per cent, of aluminium, are of considerable

interest, both on account of their valuable mechanical properties

and also on account of their marked powers of resisting

Certain difficulties which have been experiencedcorrosion.

cc*cc in
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Fig. 62.—Constitutional Diagram (tentative) of the
Aluminium-Copper Alloys.

in their use and working are likely to be overcome when their

advantages are fully realised. At the other end of the series

is a group of light aUoys consisting principally of aluminium,

but containing up to 4 or 5 per cent, of copper, which are of

interest, not so much for their own sake, as on account of an

important alloy which is derived from them. This alloy,

known by the trade name of " Duralumin," will be referred to.

again in connection with the ternary system manganese-

aluminium-copper.

At the other end of the series we will again confine our attention

to the alloys containing less than 10 per cent, of aluminium.

Up to an aluminium content of slightly more than 7 per cent.
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the alloys are simple solid solutions consisting entirely of the

a phase, which is very similar in character and appearance to

the a phase of the zinc-copper or the tin-copper system. Like

the two latter the a body of the aluminium-copper series

readily undergoes twinning when subjected to plastic deforma-

tion followed by annealing. In its mechanical properties,

however, the aluminium-copper a phase differs widely from that

of the other copper alloys. This series of solid solutions,

however, exhibits one peculiarity ; it will be seen from the

diagram that, unlike the two other copper systems discussed

above, there is no long freezing-range for the a phase ; indeed,

the solidus and liquidus lie so close together that it is difficult

to distinguish them from one another. It is a direct conse-

quence of this circumstance that the portions of the a body
which crystallise first do not differ very much in composition

from the portions which solidify last, and as a result the cast

alloys do not exhibit that well-marked structure of dendritic

cores which is so frequently met with in solid solutions. This

range of pure a alloys corresponds to the first branch of the

liquidus curve, AB of the diagram. At the point B a definite

minimum in the liquidus is reached and in the majority of

cases such a minimum is associated with the formation of a

definite eutectic alloy. In the aluminium-copper system,

however, this is not the case, and the minimum seems to be

analogous to that which occurs in the manganese-copper

series, being simply formed in an unbroken series of solid

solutions. It would, however, probably be more correct to

draw the curve continuously through this minimum rather

than to show a definite cusp.

From this minimum the liquidus curve rises to a maximum
at D, which corresponds to the definite compound CugAl.

Corresponding to this new branch of the liquidus there is a

striking change in the micro-structure of the aUoys, which

now becomes duplex. Since the field of the a phase is bounded

by the sloping line BO, it will be seen that an alloy whose

composition lies just to the left of the point P (i.e., containing

about 12-5 per cent, of aluminium) should still be homogeneous

when in a state of equilibrium. The change from /3 to a in
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material which can be readily broken to powder, and is

consequently very useful in the preparation of alloys in the

foundry, as it can readily be weighed out exactly to the desired

quantity. If a small ingot of this alloy be allowed to set

superficially, and if the skin is then broken and the residue of

liquid metal is poured off, a mass of beautiful interlacing

crystalline needles is left behind. These, although they consist

of equal proportions of copper and aluminium, are of a brilliant

white colour and extremely brittle.

The ternary alloys of aluminium and copper with other

metals have received a good deal of attention. Edwards and

Andrews {^) have studied the equilibria of the aluminium-tin-

copper system, while the author and Lantsberry C) have

investigated the ternary system containing manganese. The
relationships found are, however, too complex to be described

here, and reference for particulars must be made to the original

memoirs. One or two points of interest may, however, be

mentioned. The addition of manganese to the aluminium-

copper system, so far as the alloys near the copper end of the

series are concerned, appears to result in a sHght increase of

strength without any reduction of ductihty, provided that the

manganese addition is small or that the alloy in question lies

well below an aluminium content of 10 per cent. Apart from

this effect, however, these alloys containing manganese appear

to possess a still greater resistance to corrosion than the

binary aluminium copper alloys, and they are also pecuharly

resistant to abrasion, so much so that they excel tool-steel

in that respect. This combination of properties offers some

advantages in certain branches of instrument construction,

particularly where the use of non-magnetic material is essential.

When severelj' cold-worked these alloys attain a very high

degree of strength and hardness, so that it has been possible to

make cutting tools of these materials which are quite capable

of cutting wood and even stone.

In the Hght alloys containing less than 4 per cent, of copper

the addition of manganese was found to be an advantage, but

the quantity that can be added is limited by the fact that

aluminium and manganese form the definite compound AlgMn,
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which is a hard and brittle body, and one, moreover, which—if

present in any large proportion—tends to cause the alloy to

fall to pieces spontaneously. Additions of manganese are

therefore confined to 2 per cent. The aUoy of aluminium with

copper 3 per cent, and manganese 1 per cent, was at the time

when it was investigated the best light alloy known, and by
the addition of 0-5 per cent, of magnesium it is converted into

the alloy already mentioned, known as " Duralumin." ^ The
presence of this small percentage of magnesium appears to

confer on this material, and indeed upon any alloy consisting

largely of aluminium, a peculiar property of hardening slowly

in the course of several days after it has received an appropriate

heat treatment (**). The exact nature of this hardening

process is not understood, but it results in very nearly doubling

the tensile strength of the aUoy without very seriously reducing

its ductility. This remarkable behaviour constitutes one of

the most striking unsolved problems in present-day Physical

Metallurgy.
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CHAPTER VIII

THE IRON-OARBON SYSTEM

On account both of their intrinsic importance and of their

complexity of constitution and structure, the iron-carbon alloys

require treatment in a special chapter. Such separate treat-

ment must not, however, be taken to indicate that iron and

steel differ in any fundamental way from other aUoy systems.

Such an idea appears to have been prevalent in the minds of

some of the earher workers (^) in the subject, and even now
there is an unfortunate tendency to discriminate too strictly

between " ferrous " and " non-ferrous " metallurgy or metallo-

graphy. It is, therefore, well to emphasise that iron and steel

are alloys subject to precisely the same laws and to be studied

in exactly the same way as other aUoy systems. A good deal

of the difficulty and confusion which has at times clouded the

view of the constitution of the iron-carbon system has, indeed,

arisen from the circumstancethatthis subject has often attracted

workers who came to it without previous acquaintance with

the more general methods of studying alloys, and often even

without an adequate knowledge of the fundamental principles

of physical chemistry. On the other hand, the iron-carbon

system has probably been subjected to more minute study than

any other series of aUoys ; now, as each binary system is more
closely studied, it is found that constitutional diagrams which on

first investigation appeared to be simple have turned out to be

more and more complex. The complexity of the iron-carbon

system as we know it to-day may thus simply be the result of

this minute study, so that even in this respect the system does

not differ very widely from other alloy series.

An approximate constitutional diagram of the iron-carbon

system is given in Fig. 64. This is not, strictly speaking, an

equiHbrium diagram, since it represents what is probably

merely a very persistent meta-stable system. The diagram of
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the completely stable system is not, however, thoroughly

known and is of minor importance, since it deals with conditions

never met with either in practice or in the laboratory. So far

as it is known it is given in Pig. 65.

The constitutional diagram of Fig. 64, while, strictly speaking,

representing only the author's views on the constitution of iron
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the diagram are discussed. The diagram as a whole—broadly

speaking—may be regarded as accepted by all but one small

and isolated group of metallurgists, who have not, however,

put forward an alternative diagram for discussion. Beyond

the present warning that such a group exists, therefore, their

pecuhar views will not receive further consideration here.

The constitutional diagram of the iron-carbon alloys, as

shown in Fig. 64, is pecuhar, in the first place, on account of the

fact that it does not extend beyond a carbon concentration of

6 per cent. A few alloys of rather higher carbon content have

been prepared experimentally by the aid of the electric furnace,

and attempts have been

made to carry the diagram

somewhat further to the

right (*), but in the intro-

ductory treatment of the

subject which is contem-

plated here that region of

the diagram will not be con-

sidered. The reason why
the diagram is not continued

to the full extent on the

carbon side lies, of course,

in the fact that the system

in question is one of alloys

between a metal and a metalloid, the latter—carbon—being,

moreover, a substance which cannot be melted in any ordinary
way. We find similar limitations in the alloy systems of other

metalloids, such as those of copper and arsenic, where the
volatility of the arsenic limits the diagram to the vicinity of the

copper end. In reaUty the " iron-carbon " system is the
" iron-cementite " system, the name " cementite " being given
to the definite iron-carbon compound having the formula FeoC,
and containing 6-6 per cent, of carbon.

The liquidus of the iron-carbon diagram is given by the
lines ABC in the diagram (Fig. 64). The branch AB represents
the deposition from the molten alloys of a solid solution of
carbon—or more probably of iron carbide—^in iron. The

eoo

I 2 3 4 S 6 no
Composition

Fia. 65.—Constitutional Diagram
(tentative) of the Iron-Graphite
System.
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branch BC corresponds to the solidification of crystals of iron

carbide (cementite), but the formation of such crystals from

fusion is frequently accompanied or very shortly followed by
their decomposition into iron and graphite. This change is in

reality a transition from the meta-stable system iron-iron

carbide to the stable system iron-graphite. It is of great

importance in connection with the structure and constitution

of cast iron, and will be referred to in that connection.

The point B of the diagram is obviously a eutectic point

similar to those found in the lead-tin and aluminium-zinc

systems ; in the present case the eutectic is that of the sohd

solution mentioned above—which we may refer to as the

7-iron solid solution—with cementite. Here also there is

reason to believe that there is an alternative mode of solidifica-

tion according to the stable iron-graphite system, a eutectic of

that kind being indicated by the lines of the diagram of the

stable system in Pig. 65.

The solidus of the iron-cementite system is given by the

lines AD, DB, the point D indicating the limit of solid solubility

of cementite in iron at a temperature of about 1,135° C. The
system thus belongs to the general type, in which there is a

considerable range of solid solubility between the two com-

ponents, with a central eutectiferous range. The eutectic

temperature in this case lies at or near 1,135° C. The position

of the solidus between A and B cannot be ascertained from the

data derived from thermal curves, and its position as given in

the diagram is based on the work of Gutowsky (*), who deter-

mined the position of the solidus by the method of quenching

small specimens of steel of various composition and thus

ascertaining by the microscope at what temperatures the

first traces of the presence of liquid could be discovered. This

work is the best as yet available on this line, and it is pro-

bably sufficiently accurate to warrant the general shape and

position of the line AB as drawn in the figure, but confirmatory

work of the most exact nature is required in order finally to

fix this important line.

Like all binary diagrams of this type, that of the iron-carbon

system must possess a line limiting the region of the stable

M 2



164 STUDY OF PHYSICAL METALLURGY

existence of the 7-iron solid solution which is formed by the

final solidification of the alloys along the line AD. This line

must start from D, the point at which, under conditions

approximating to equilibrium, the eutectic first makes its

appearance, and run downward to the base of the diagram.

If the limit of solid solubility of cementite in 7-iron were the

same at all temperatures, this bounding line would be a simple

vertical. Actually, however, the amount of cementite which

7-iron can retain in solid solution decreases with falling tem-

perature, and consequently the line DI slopes backwards

towards the iron end of the diagram. This is in itself an

unusual feature in alloys, as the bounding line of the region of

the a phase in both the zinc-copper and the tin-copper systems

slopes away from the copper end of the diagram. The line DI
also exhibits another pecuharity in that it does not extend to the

base of the diagram. This arises from the circumstance that

the 7-iron solid solution does not exist at the ordinary tem-

perature in a state approaching equilibrium, but undergoes

decomposition at temperatures lying on or above the line HIJ
(near 700° C). The line DI, therefore, ends where it cuts

the line HIJ, that being the limit of existence of the 7-iron

phase.

In one sense the Hne DI may be regarded as strictly analogous

to one branch of a " liquidus " curve in an ordinary eutectiferous

alloy system. Such a branch of a liquidus curve indicates the

temperatures at which the liquid solution of two components

begins to deposit crystals of one of them, i.e., the limit of

solubility of the one component in the liquid solution of the

two. Similarly the Hne DI indicates the temperatures at which

the solid solution, 7, begins to deposit crystalsof cementite,which

is one of the components of the solid solution. Now if we pursue

this analogy a little further we shall expect to find that, just

as a downward sloping branch of a liquidus generally meets

another downward sloping branch at a eutectic point, so the

line DI, representing the temperatures at which the 7 solid

solution deposits cementite, should meet, at a point corre-

sponding to a eutectic point, a branch or curve corresponding

to the deposition from the sohd solution of the other component.
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viz., iron. This branch is found in the diagram in the shape of

the two lines EG and GI. The fact that there are two lines

instead of a single one arises from precisely the same kind of

cause as that which produces a break in the liquidus curve of

the aluminium zinc alloys at the point C of that diagram

(Fig. 48), or at the point B in the zinc-copper diagram (Fig. 54)

—it is simply that the phase deposited from the solution along

the branch before the small break is different from that which

is deposited along that part of the curve lying beyond the

break. At all events, we certainly have at I a point corre-

sponding, for the decomposition of the y solid solution, to the

eutectic point of a liquid solution, while the hnes EGI and ID,

which meet at this point, I, correspond to the two branches of a

liquidus curve in the case 6i an alloy solidifying from fusion.

The point I is consequently called the " eutectoid " point, and

the body formed along the line HIJ is known as a " eutectoid."

The region in which the y solid solution is stable is thus

bounded by the lines AD, DI and IGE. We may now follow

somewhat more closely the manner in which this solid solution

undergoes decomposition. As we have already seen, along the

branch EGI we may expect to find that the solid solution

deposits crystals of iron, while along ID it deposits crystals

of cementite or iron carbide. The question naturally arises,

why should the 7-iron solid solution deposit its burden of

dissolved cementite, or its excess of iron at certain temperatures,

instead of carrying them permanently in solution as the a

phase in most of the copper alloys carries the zinc or tin or

aluminium with which it is associated ? Here also the analogy

vnth the Mquid solution of two metals, i.e., with a molten

alloy, will aid us in understanding what takes place. The
deposition of a solid metal from a liquid solution is inti-

mately connected with the natural freezing-point of the

metal in question. In the pure metal itself, solid crystals are

deposited from the liquid (i.e., from the molten metal) at one

definite temperature, which we call the freezing-point of the

pure metal. Now that branch of the liquidus which relates

to the deposition of crystals of that metal from the hquid

alloy starts from the freezing-point of the pure metal and
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slopes downward to the eutectic point. The whole of such a

branch of the liquidus may, therefore, be regarded as represent-

ing the depression of the natural freezing-point of the pure

metal by successively increasing additions of another metal.

AVhat is really happening along such a liquidus curve is thus

simply the freezing of the metal, modified, principally in regard

to temperature, by the presence of the second element. If the

analogy between the decomposition of the y solid solution and

the freezing of a series of alloys is correct we should expect

to find that the decomposition of the 7 solid solution is a

phenomenon which we could trace as something analogous

to a change of state in the pure metal, i.e., in iron itseK. And
this is actually the case. The curve EGI starts from a point

in pure iron itself—a point which does not, it is true, represent

the passage of the material from the Hquid to the sohd state,

but which indicates a profound change taking place in the

iron, and accompanied by evolutions of heat on cooling and

absorptions of heat on heating which are comparable with

those which occur on freezing or melting. In the case of a

change of state

—

i.e., a change from liquid to solid or from

liquid to gas—^we see a phenomenon which involves a profound

change in the arrangement of the molecules of the substances.

In the gas the molecules are free from one another and move
about unrestrictedly in all directions ; in the liquid state the

molecules are much less free to move, although stiU com-

paratively free in contrast to the relatively rigid manner in

which they are arranged in the crystalline system of a solid

substance. We now come to the conception that, within

the range of the sohd state, there may be, and indeed there are,

various possible arrangements of molecules, or even of the

constituent atoms of a molecule, correspondin to differences

almost as great as those between two different " states."

Such different conditions are known as " allotropic " conditions

or modifications, and their existence is well known in such

elements as carbon, where graphite, diamond and " amorphous"
carbon are recognised as allotropic modifications of one another.

So also in sulphur, selenium, oxygen, tin, antimony and many
other elements, well-known allotropic varieties exist. The
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occurrence of well-defined heat evolutions on cooling and heat

absorptions on heating even in the purest obtainable iron are

in themselves strong evidence that iron is capable of existing

in at least three diverse or " allotropic " conditions. These

are generally known as the 7, ^ and a forms of iron, and they

have formed the subject of much controversy. This has,

however, principally turned upon the question whether one

of these modifications was in itself extremely hard, and whether

its existence could adequately account for the hardness of

hardened steel. That question does not concern us here,

and it may fairly be said that the existence of two allotropic

varieties of iron (the 7 and the a) is universally accepted.

The j8 form is still the subject of discussion, but the question

of its inclusion or otherwise only leads to a very slight modifica-

tion of the constitutional diagram. The main point which is

required for the comprehension of the constitutional diagram

is that 7-iron in the pure state undergoes an allotropic trans-

formation at a temperature close to 900° C, marked by the

point E in the diagram of Fig. 64. In consequence of this

transformation the iron, now in the a or the ^ state, can no

longer hold any appreciable amount of carbide in soUd solution.

Accordingly, along the line EGI, the solid solution deposits

crystals of practically pure iron free, or almost free, from carbon.

The deposit of such iron crystals, however, produces upon this

solid solution precisely the same result as the deposition of

crystals of lead, for example, produces upon a liquid alloy of

lead and tin—the residual solution becomes impoverished in

lead (or iron), and the temperature at which further deposition

takes place thus corresponds to a point a little further down
the Hne of deposition. Right down to the temperature of

the line HIJ, therefore, there wiU always be a residue of 7-iron

sohd solution, and the amount of this residue will be greater

the nearer the aUoy under consideration lies to the point I.

When the alloy finally reaches the temperature of the hne HIJ,

the residual 7-iron solid solution undergoes transformation en

masse, and the " eutectoid " body known as " pearKte " is

formed, with a large evolution of heat.

The precise meaning of the portion of the constitutional
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diagram of the iron-carbon system relating to the group of alloys

generally known as "steel," which may be taken as lying to

the left of the point D in the diagram, will be best understood

by following a few typical aUoys through the cooling and heating

1000

Time Intervals.

Pig. 66.—Tjrpical laverse-Rate Heating and Cooling Curves
of Pure Iron (Burgess and Crowe).

processes. At the same time the micro-structure of these

alloys can be considered.

We shall begin with pure iron. A typical set of heating and
cooling curves of this material, reproduced from the work of

Burgess {^), is shown in Fig. 66. It will be seen that there are

two peaks on both the heating and the cooHng curves. On
cooling we commence with the iron in the -y state, and nothing
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occurs until the point E of the diagram is reached, at or near

900° C. At this point there is a marked evolution of heat on
cooling, and the heating curve shows a corresponding absorp-

tion of heat on heating, but at a slightly higher temperature.

It has been shown that the exact interval between the tempera-

tures at which this transformation occurs on heating and on
cooling depends partly upon the rate of heating and cooling

and on the maximum temperature which has been attained

;

but even when these factors are allowed for there probably

remains a certain " lag " between the two, representing the

tendency of an existing state to persist for a short distance

on either side of its true equilibrium temperature. This is a

species of under-cooling or of super-heating which is of constant

occurrence. Phenomena of under-cooling are frequently met
with in the crystallisation of salt solutions, and in that case

it has been shown that below the true freezing-point there is a

limiting range within which the solution can be made to

crystallise instantly if it is brought into contact with a solid

crystal of the same kind to act as a nucleus. In the absence

of a nucleus, however, spontaneous crystallisation only occurs

after the limit referred to has been passed. Now in a solid

solution no nuclei can be introduced, and consequently it is

not perhaps surprising to find that transformation does not

occur until some corresponding limiting temperature has been

passed, this limit lying very sUghtly above the true equihbrium

temperature on heating and considerably below it on cooling.

There is, however, no rise of temperature during the trans-

formation, such as occurs when an under-cooled liquid freezes.

This may, however, be due to the fact that the total quantity

of heat evolved is much smaller, and also that the circum-

stances of the change, occurring as it does in a fairly rigid

solid, do not permit of rates of transformation sufficient to

bring about an actual rise of temperature.

On further cooling below the point E, the pure iron exhibits

another " critical point " or evolution of heat on cooling, with

a corresponding absorption on heating at the point marked F.

This is a much smaller point than the one at E, and attempts

have been made to discredit its existence (*) in pure iron.
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According to the views of Benedicks ('), this thermal point

does not represent an allotropic transformation of iron at all,

but merely indicates the final disappearance of 7-iron molecules

from the metal. This idea is based upon the assumption that

the whole of the y-iron is not at once transformed into another

modification at E, but that a certain number of 7-iron mole-

cules persist in a state of solution in the other form of iron,

and that the last of these undergo sudden transformation a,t the

point F. This view is stated here in the desire to represent

current opinion in as fair a manner as possible, but the author

believes that aU the weight of evidence—into which it is not

possible to enter here—goes to show that a /3 phase of iron,

intermediate between the 7 phase, which exists above the point

E, and the a phase, which exists below the point F, really

exists. Not only is there a definite thermal point at F, but it

persists through the range of steels between F and G, and there

is a shght break in the Une EGI at the point G. There are also

some small but very definite discontinuities in the physical

properties of iron corresponding to the temperature of the point

F, the most important of these being the sudden disappearance

of ferro-magnetism at that temperature. Another is a sudden

change in hardness or tenacity at that temperature, as shown

by the author and Humfrey. Provisionally, at aU events, we
may, therefore, think of iron passing from the 7 to the /3 state

at or near 900° C. on cooKng, and from the /3 to the a at or near

750° C. Pure iron undergoes no further transformations on

cooUng down to the ordinary temperature.

The question now arises whether any changes of micro-

structure can be correlated with the two allotropic trans-

formations of iron. As a rule, changes which occur at high

temperatures can be more or less completely inhibited by suffici-

ently rapid cooUng, i.e., by quenching. That this is not the

case for iron is at once obvious from the fact that while iron

above 750° C. is practically non-magnetic, no known method
of quenching pure iron renders it non-magnetic after cooling.

As regards micro-structures, it must be remembered that

we are dealing with a pure metal and that pure metals of most
widely divergent properties stiU show practically identical
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micro-structure. It is not surprising, therefore, to find that

iron quenched from temperatures above 900° C. does not

differ markedly in micro-structure from the same material

slowly cooled. That the mechanical properties also remain

practically unaffected is more remarkable, since it is not Ukely

—even if we had not definite proof to that effect—that 7-iron

should resemble a-iron in that respect. The inference which

we are forced to accept is that in pure iron the aUotropic

transformations cannot be prevented by rapid cooling or

quenching. There is, however, good evidence to show that the

properties of iron do undergo marked changes on passing

through the critical temperatures, but this will be referred to,

in connection with the effects of plastic strain on metals, in

Chapter XI.

The cooling and heating curves of really pure iron, free from

carbon, as reproduced in Fig. 66, show no sign of any thermal

change corresponding to the point H of the diagram of Fig. 64.

This is, of course, in accordance with the indications of the

diagram itself, since the reactions represented by the line JIH
are due to the presence of the dissolved carbide in the 7-iron of

steels ; as the pure iron end of the series is approached, these

reactions diminish in intensity and disappear entirely in pure

iron itself.

We may next consider the case of an iron-carbon alloy or

steel containing about 0*2 per cent, of carbon. In the y region

this is a homogeneous soUd solution, and decomposition only

begins, by the deposition of crystals of ^-iron, when the

alloy cools down to the temperature of the sloping line EG.
We have thus a first arrest or critical point, on cooling,

corresponding to the commencement of the deposition of

iron, in the ^ condition, from the solution, at a tem-

perature which for a 0-2 per cent, carbon steel lies at

840° C. As the alloy cools further, the quantity of ;8-iron

separated from the solid solution steadily increases until the

line FG is crossed at a temperature near 750° C. Here all the

free j8-iron present in the steel is transformed into the a form

and, whereas above the fine EG we had a mixture of residual

7-iron sohd solution with crystals of ]3-iron, below the Une EG
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we have a mixture of residual y-iron solid solution with crystals

of a-iron. With further cooling, the quantity of the a-iron

crystals increases steadily until the temperature of the line

HIJ is reached ; there the residual 7-iron solid solution is

transformed into the eutectoid mixture of a-iron and cementite.

In this steel we thus have three thermal critical points indicated

by absorptions of heat on heating and evolutions of heat on

cooling. These " arrest-points " have received special names

derived from their relative position, counting from the ordinary

temperature upwards. The point connected with the line HIJ
is called the first arrest, or " A^," the one which occurs on the

crossing of the line FG is the second arrest, or " Ag," and the

arrest related to the sloping line EG is the " third arrest," or
" A3." Now in these steels, as also in pure iron, as has already

been indicated, the temperature at which these transformations

take place on coohng are not identical with those at which they

occur on heating, and the arrest-points on heating and cooling

are, therefore, distinguished by writing " Ac " for the points

on heating and " Ar " for the points on cooling. Thus " Acj
"

is the arrest observed on crossing the line EG on heating, while
" Arg " is the arrest obtained when the line EG is crossed on
cooling. These special terms are convenient in use, but intro-

duce an additional complexity into a nomenclature already

somewhat needlessly involved. In the case of the metallo-

graphy of steel, the analogy with petrography has been followed

all too closely, so that names—and often personal names-
have been given to everything. The equally complex metallo-

graphy of the tin-copper system is quite as clear without the

use of such names, while in steel the use of personal names has

undoubtedly introduced an element of personal acrimony into

what should be purely scientific discussions.

The micro-structure of a steel of 0-2 per cent, carbon content

is found to be quite in accordance with the indications of the

diagram and of the cooling curves. When slowly cooled in

the ordinary way, such steel is found to possess a duplex
structure, such as that shown in Fig. 67, Plate XIII., where the

light areas represent the crystals of iron, while the dark area^s

are the eutectoid body formed at the line HIJ.
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The simple white constituent is readily seen to be identical

with the crystals of pure iron, and is consequently known as
" ferrite." In commercial steels, however, the " ferrite

''

always holds some silicon and phosphorus in solid solution.

The eutectoid is known as " pearlite " owing to the fact that

it frequently exhibits a finely-laminated structure like that of

mother-of-pearl and, under suitable illumination, displays an
iridescent lustre of the same kind. That this body is typically

laminated is illustrated in Fig. 68, Plate XIII., which represents

such pearlite as seen under high magnification. In this respect

the eutectoid " pearlite " bears out its analogy with the normal

eutectics, which are also typically laminated. Both kinds

of bodies, however, can easily be obtained in a non-laminated

state, so that the laminated structure must not be regarded as a

fundamental characteristic of eutectics or eutectoids.

The fact that the laminated eutectoid body—pearhte—^is

really formed on crossing the line HIJ is readily proved by
quenching experiments. Such steel quenched from a tem-

perature lying between the lines HI and EG still exhibits a

typical duplex structure, one of whose constituents is ferrite,

but the area of ferrite is markedly less than in the slowly-cooled

sample, particularly if the quenching temperature lies near the

line EG. The second constituent, however, is seen to be

fundamentally different in character from the pearlite of the

slowly-cooled material. The second constituent still appears

darker than the ferrite when etched with the usual reagents,

such as picric acid, but under moderate magnifications it

appears to be perfectly homogeneous, and only under the

highest magnification can any structure be found in it—but

this is not a lamination or granulation, but a tracery of inter-

lacing needles. If the quenching temperature is taken stiU

higher, i.e., above the fine EG, then the whole—or very nearly

the whole—area of the specimen is found to be covered by the

darker-etching constituent having the faint acicular structure.

We thus recognise in this constituent the representative of the

7-iron solid solution which exists in these steels at the moment
of quenching. That this constituent is not really the solid

solution itself preserved unchanged by the act of quenching is
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shown by several considerations, which, however, are best

discussed in relation to steels of higher carbon content. The

results of quenching experiments on this grade of steel, however,

are obviously sufficient to justify the existence of the various

lines of the diagram, with the possible exception of the line FG.

whose influence on the structure has not so far been estabhshed,

Additional evidence in support of the correctness of the diagram

is also afforded by the work of BaykofE (*), who succeeded in

etching specimens of steel at high temperatures by the action

of hydrochloric acid gas. This method, even more definitely

than the earher efforts of Saniter (^») at hot-etching by means-

of fused calcium chloride baths, reveals the fact that, at tem-

peratures above the line EG, the steel has a structure of simple

polyhedra, such as those which we are accustomed to meet in

homogeneous solid solutions.

Turning now to a steel of slightly higher carbon content, such

as 0-6 per cent., we find a somewhat simpler tj^e of thermal

curve. On cooling, the lines GI and HI are successively crossed,

and the steel thus shows only two Ar points. The lowest of

these is obviously identical with Ar^ as we saw it in the steel of

0-2 per cent, carbon ; the higher one was originally regarded as

being the result of the merging of the Ar^ and Aj-j points of the

lower carbon steels, and the point is consequently known as

Ar23 or Ac23 respectively. This nomenclature is not, however,

consistent with the constitutional diagram. If we accept the

existence of the /3 phase in the region EFG, then the line GI
represents a transformation—^from the y to the a state direct

—

which is not present in either Ar^ or Arj, while, if we deny the

existence of the /3 phase, we must also wipe out the break in

the line EGI at the point G, and in that case the point corre-

sponding to the line GI should be simply Ar^. In any case,

therefore, the term Ar^^ is illogical, but, since it is frequently

used, some reference to it was essential at this point.

As we have already remarked that the line FG is without any
apparent influence on the micro-structure of steel quenched
above it or below it, the absence of this line from the portion

of the diagram relating to the steel now under discussion

(0-6 per cent, carbon) will not affect the range of micro-





PLATE XIV.

Fi(i. (>9. Via. 70.

Fig. 71. Fig. 72.

[Tofncej). 175.



THE IRON-CARBON SYSTEM 175

structures met with in this steel as compared with one of lower

carbon content ; only, in accordance with the indications of

the diagram, the higher-carbon steel will, when slowly cooled,

contain a much larger proportion of the eutectoid pearUte than

is the case with a lower carbon content. This is well brought

out by comparing Fig. 69, Plate XIV., relating to this steel, with

Fig. 67, Plate XIII., relating to the other. On quenching at

higher temperatures, the features met with in the milder steel

are largely reproduced, again with the modifications due to the

larger proportion of the 7-iron sohd solution and the smaller

excess of free a-iron or ferrite. The higher carbon content also

seems to favour the development of the acicular structure of the

quenched soUd solution, which is much more marked in the

present steel than in the previous one. There features are

shown in the photo-micrograph (Fig. 70, Plate XIV.), which

shows the structure of this steel after quenching from 750° C.

We now have to consider the steel of eutectoid composition

—

a point determined by Arnold {") as lying at a carbon content

a very Uttle below 0-90 per cent, of carbon. This figure, how-

ever, will vary very perceptibly if any other elements, such as

sihcon or manganese, are present to an appreciable extent.

Such a eutectoid steel will, in accordance with the diagram,

exhibit only a single arrest-point on either heating or cooling.

Following the somewhat illogical method already referred to

above, this point is called Ac^gj and Ar^gj on heating and cooling

respectively. It is a very strong evolution or absorption of

heat—so strong, indeed, that if a piece of such steel is allowed

to cool in air, when the evolution of heat which occurs at the

transformation of the sohd 7-iron solution to the eutectoid

pearHte takes place the steel is seen to glow visibly. This

phenomenon received the name " recalescence " long before its

true nature was understood, and the thermal curves of steel are

for that reason sometimes called " recalescence curves "—

a

misleading term whose use is to be deprecated.

Microscopically, steel of approximately 0-9 per cent, of carbon

consists, when slowly cooled, entirely of the pearhte con-

stituent, thus corresponding to the pure euteotic of ordinary

binary alloys. Immediately above the temperature of the line
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HIJ, however, such steel consists entirely of the homogeneous

solid solution of cementite in 7-iron. Ordinary quenching is

obviously unable to retain this homogeneous solid solution

completely unchanged, for the acicular constituent, and fre-

quently some other forms, make their appearance. A typical

structure is shown in Fig. 71, Plate XIV. This is, of course, a

steel hardened by quenching, for while even mild steels, con-

taining as Httle as 0-2 per cent, of carbon, are, in the strict sense

of the word, " hardened " as the result of quenching from tem-

peratures above the line EGI, this hardening is very slight until

a carbon content of 0-6 per cent, is reached, and it only attains

its full value at or near the eutectoid composition.

For carbon contents beyond the eutectoid composition, an

upper thermal point, corresponding to the crossing of the line

ID, again makes its appearance, and the structure of the slowly-

cooled steel again shows two weU-defined constituents. One of

these consists of angular crystals of an obviously hard material

which lie embedded in the pearUte. We have here crystals of

cementite separated from the 7-iron solid solution on crossing

the hne DI, embedded in the pearUte resulting from the decom-

position of the residual sohd solution on crossing the line IJ. A
typical example of this structure is shown in Fig. 72, Plate XIV.

If such a steel is quenched from a temperature above the Une ID,

provided that time enough has been allowed for the somewhat

slow solution of the free cementite in the soMd solution, we
should expect to obtain a homogeneous mass of the unchanged

7-iron solid solution. In the quenching of lower carbon steels

this has never been attained, the incipient decomposition or

degradation typified by the acicular structure being always

found. In these higher carbon steels it appears that a portion

of the 7-iron solid solution is actually retained in its original

homogeneous state, and we find streaks of this entirely un-

changed sohd solution lying among the acicular degradation

product. This gives to severely-quenched high-carbon steels

a very striking appearance, which is illustrated in Fig. 73,

Plate XV.
The account of the micro-structures and constitution of the

iron-carbon alloys up to a concentration of about 2 per cent, of
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carbon might be regarded as adequately concluded at this point,

at all events for the purposes of an introductory survey, were it

not for the fact that the importance of hardened and tempered

steel lends very great interest to the structures met with in

quenched steel. It has already been indicated that quenching

never quite results in the retention of the structure as it exists

at the instant when rapid cooling is begun, but that the very

changes which it is intended to inhibit always occur to a small

extent—the actual extent depending upon the circumstances

of quenching and on the nature of the metal in question. In

the case of steel the products of the incipient decomposition

which takes place in these circumstances are particularly

complex and interesting, although it is probable that similar

complexity could be discovered in other alloys if they were

studied in the same way.

At any temperature and composition corresponding to the

area ADIGE of the constitutional diagram the alloys consist

of the simple, homogeneous 7 solid solution, having, as we have

seen, the typical polyhedral structure of a " simple " alloy.

The character of this y solid solution, however, must vary

from one side of this region to the other, owing to the difference

of carbon content—the 7 phase being pure iron in the 7 condi-

tion at one side of its range of existence, and a soUd solution

containing as much as 2 per cent, of carbon at the opposite

extreme. Its behaviour on quenching is, therefore, correspond-

ingly different, but these differences may be readily understood

if it is realised that the presence of the carbon or iron carbide in

solution must materially affect the manner, and still more the

rate, at which the solid solution can undergo transformation.

Where there is Mttle or no carbon present, the 7-iron molecules,

in becoming transformed into the other allotropic form, have

merely to re-arrange themselves in situ—there is no need for

any transportation of matter through relatively considerable

distances. Where the solid solution contains carbon, its normal

decomposition involves the special separation of a carbon-rich

constituent (pearhte) from a constituent free from carbon

(ferrite), and this means that the carbide molecules must undergo
a definite change of place, so that this decomposition implies

P.M. N
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the movement of matter (iron carbide) through distances which

are very large compared with molecular dimensions. Such

movement necessarily requires time, and we consequently are

led to expect that while it is difficult to inhibit the transforma-

tions of pure iron by quenching, yet the rate of cooling attained

by such means is sufficient to prevent the completion of the

transformation in the presence of carbon, and more completely

the higher the carbon content. This conclusion is in striking

accord with the observed facts. While even the most severe

quenching produces little effect in pure iron, it produces very

marked effects in high-carbon steels and effects of intermediate

intensity in steels of intermediate composition. We thus meet

with a series of intermediate stages, between the theoretical

hmit on the one side—^never attained in practice—of the com-

plete preservation of the original 7-iron solid solution, and

the complete and unhindered transformation of pure iron.

These intermediate or transition products have a special interest

on account of their typical occurrence in hardened and tempered

steels, and have, therefore, received much special attention and

a series of personal names.

The complete preservation of the 7-iron solid solution by

quenching is, as already indicated, never attained in pure

carbon steels. In steels of the highest carbon content, quenched

violently from very high temperatures, traces of the undecom-

posed 7 solid solution remain as white, structureless streaks,

running across the acicular constituent already mentioned.

This structure has received the name of " Austenite," and by

that term, as adopted by the International Association, we
now understand the 7-iron solid solution when preserved as

such down to the ordinary temperature—either as the result

of quenching or by the presence of a third alloying element,

as described below.

The first stage in the decomposition of the 7-iron soHd solu-

tion consists in the formation of the acicular constituent already

described and illustrated (see Figs. 70 and 71, Plate XIV.). This

constituent has received the name of " Martensite," and much
speculation has been offered as to its true nature. It is un-

doubtedly the hardest constituent of hardened steels, but it
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varies very widely in the details of its structure. When steel

has been quenched from very high temperatures, the Martensite

is found to occur in large grains showing a rather coarse acioular

structure. When, on the other hand, a steel of eutectoid com-

position is quenched at a temperature just above the critical

point Arj, then the structure of the resulting Martensite is

exceedingly fine—so fine, indeed, that some workers, not perhaps

20,000
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provided with the best of microscopic apphances or employing

unsatisfactory etching methods, have failed to detect the

acicular structure, and have claimed that the best hardened steel

contains a structureless " Martensite," which they have some-

times distinguished by the term " hardenite "—a purely local

term whose general use is not to be recommended. The careful

examination of samples of the best and most carefully hardened

steel, however, has convinced both the author and the majority

of impartial observers that Martensite can always be shown to

n2
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have an acicular structure, although in " properly hardened
"

steel that structure is exceedingly minute.

The question, " What is Martensite and to what is its great

hardness really due ? " cannot as yet be answered quite con-

clusively, particularly as several rival views are in the field.

These may, however, be briefly indicated. The first and

simplest is the purely " allotropic " view according to which

the hardness of Martensite is due to the presence in it of a

notable proportion of " hard " /3-iron. Although attempts

have been made to discredit this view recently, there is still

much to be said in its favour. Thus it has been shown

that the transformation from a to /3-iron in nearly carbonless

iron is accompanied by a sudden step-up in strength. This is

indicated in Fig. 74, which reproduces one of the temperature

strength curves of an iron containing 01 per cent, of carbon

from the work of the author and Humfrey {^). This step-up

is not so large as the author had at one time supposed, but its

existence is none the less significant, and is quite consistent

with the view that, if it could be retained in that condition

down to the ordinary temperature, ^-iron would be very hard

indeed. On this view, then, the acicular structure of Martensite

would be due to the formation, on the cleavage planes of the

original homogeneous y-iron soMd solution, of needles of /3-iron.

Normally such /8-iron would be obliged to expel the carbon whicli

it had held in solution before the transformation, but, during

quenching, time for such separation would not be available,

and the)8-iron wouldbe compelled to retain in "forced solution,"

or in very fine suspension, the carbon thus unavoidably retained

in situ. It may well be that the presence of this " retained
"

carbon is the real cause of a development of great hardness in

the Martensite, and in that case the transformation of the y-iron

might be regarded as taking place direct to the a form without

reference to the occurrence of the /3 phase, whether hard or

otherwise.

An alternative theory of hardening, which may be briefly

termed the " amorphous " theory, has recently gained much
ground. Like the ^S-iron theory, it explains the hardness of

quenched steel by postulating the existence of an intrinsically
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hard but unstable transition product, which is formed when
the transformation of the homogeneous 7-iron solid solution

into ferrite and carbide is hindered by quenching. Instead

of identifying this hard substance with /3 iron, which has only

a short range of stabiUty in pure iron and low-carbon steels,

the new theory ascribes hardening to the presence in the steel

of amorphous layers similar to those which are believed to be

the cause of the strain-hardening of ductile metals. This hard

amorphous phase has, of course, no stable existence below the

solidus curve of the alloy system, but if its existence is admitted

it serves to explain the phenomena of hardening in a very

simple manner and to correlate the hardening of steel by
quenching with the hardening of ductile metals by plastic

deformation.

On the question of the manner in which amorphous layers

are formed in steel during quenching, several rival views have
been put forward. The first ascribes the genesis of the amor-

phous metal to the same cause as that which is operative when
metals are strained ; it has been suggested that the interlacing

needles of Martensite are merely extremely fine twin lamellae

and that Austenite and Martensite are merely the twiimed

portions of the same constitutent. This view meets with the

insuperable difficulty that although quenching does set up
very severe internal stresses in steel, it does not cause any

serious internal flow or movement. The strain-hardening of

metals, however, only becomes marked when severe plastic

flow has occurred, and the conclusion is unavoidable that the

deformations which occur during the quenching of steel are

altogether too minute to produce the severe straining required

to render the metal partially amorphous.

A more rational view is that the y-iron crystals in passing

through the transition temperature break up, leaving the

molecules temporarily in a chaotic (amorphous) condition

pending their re-organisation into crystals of a-iron and

cementite, and that it is only this re-arrangement which is

stopped by the rapidity of coohng. The present author is

inclined to accept this view, which has been put forward by
Humfrey, with the modification that the breakdown of the
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y-orystals only occurs in thin films around the boundaries of

growing crystals of a-iron. This modification avoids the

necessity for assuming that there are at any time present in

the steel considerable quantities of the essentially unstable

amorphous phase. According to this view, which can as yet

only be regarded as a working hypothesis, the y-iron solid

solution on reaching the temperature of Ars begins to undergo

decomposition, by the formation of a large number of minute

crystals of a-iron. These minute crystals will be formed on

the planes of slip and of cleavage of the y-crystals, as some little

movement must take place at these points, thus causing

disturbance which is favourable to transformation. Each of

these extremely numerous but very minute a-crystals will be

surrounded by a film of amorphous metal which is at any

moment in the act of passing to the growing a-crystal and is

continuously renewed from the mass of the surrounding

y-crystals. By rapid coohng, however, the growth of these

a-crystals is stopped at a very early stage and the quenched

steel is arrested in a condition in which it consists of numberless

minute a-crystals surrounded by layers of hard and strong

amorphous metal and possibly embedded in some unchanged

y-iron. The hardness of the quenched steel is then ascribable

to the presence of an extremely minute network of amorphous

layers. The amorphous material of these layers will not only

possess the hardness of amorphous iron, but wUl be rendered

still harder by the presence of carbide in a high state of concen-

tration. The minute a-crystals, as they are formed, must

reject the carbide which was present in solution in their y-iron

mother-crystals and this carbide will be rejected into the

surrounding amorphous film. This film, being in character

identical with the liquid phase, will take up all the carbide

that is thrown out, and will retain it on subsequent cooling

and congeahng, so that the crystals of a-iron will be surrounded

by films—^not of amorphous iron, but of an amorphous iron-

carbide solution. The amorphous theory as thus outlined,

affords explanations of many of the more important phenomena
connected with the behaviour of quenched steels and of alloy

steels, but the matter cannot be pursued here, partly because
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the whole conception is still so new that opinion upon it must
necessarily rematn tentative for some time to come.

The Martensite stage found in quenched carbon steels,

although theoretically of the greatest interest, is by no means
the last of the transition stages met with. If the rate of cooling

is rather slower, we find that the edges of the Martensite grains,

more particularly where they border upon ferrite, in steels

containing less than the eutectoid proportion of carbon (some-

times called hj^o-eutectoid steels) appear to have undergone a

further change. Instead of the faintly-coloured interlacing

needles, this part of the structure appears, under most etching

reagents, very deeply coloured and shows characteristic rounded

or " woolly " outlines. By a suitable rate of cooHng, or by
subsequent re-heating to a suitable temperature

—

i.e., by " tem-

pering "—the whole of the Martensite can be transformed into

this very dark-etching constituent to which the name of

" Troostite " has been given. Controversy has turned a good

deal upon the constitution of this " constituent " also, but we
cannot enter into that question here. It is sufficient for our

present purpose to regard Troostite as a further step in the

degradation of Austenite into ferrite plus pearUte. The dark

colour on etching appears to be due to the condition of the

carbon in this stage ; the separation of the dissolved carbide

from the iron must have begun as soon as the first particles of

7-iron became transformed into the /3 or a condition. In the

Martensite stage this separation only makes itself felt very

slightly by the small differences of colour between the various

systems of interlacing needles. When the Troostite stage is

reached we are probably deahng with a material in which the

separated iron carbide is present in slightly larger masses.

According to Benedicks {^^), the carbide in Troostite is present

as a colloidal suspension, and it is quite probable that Troostite

only differs from Martensite by the sMghtly greater segregation of

the carbide particles. Troostite, at all events, is most frequently

found in association with Martensite ; its typical appearance is

shown in Fig. 75, Plate XV. When the rate of cooling is further

lessened or the temperature of re-heating or tempering is further

increased, the steel is permitted to progress somewhat further
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towards the final state of ferrite plus cementite. Instead of the

Troostite described above, we find a constituent still devoid of

any visible detailed structure under the highest available

magnifications, but not etching to such a deep colour aa

Troostite and without the peculiar rounded outUnes. This is

often called " Sorbite," but it may be regarded as simply a

variety of pearlite in which the two constituents are still so

finely divided that they cannot be microscopically separated.

The dividing Une between pearlite and Sorbite, indeed, is simply

a question of microscopic resolving power. As between

Martensite and Troostite on the one side and pearMte and

Sorbite on the other, however, there is a very important

distinction ; the two former are found essentially in steels

quenched from temperatures above the line HIJ, while the

latter are only met with if the rate of coohng through that

temperature has not been unduly accelerated. Troostite is

most readily obtained by oil-quenching from temperatures just

above HIJ, or by water-quenching while the steel is actually

in the critical range Ar^. Rapid air-cooling of steel specimens

from temperatures above Aj-^ is sufficient to produce Sorbite,

which merges into pearhte as the rate of coohng is decreased.

Sorbite is as typically associated with pearhte as is Troostite

with Martensite, although under special conditions all four may
be met with in a single piece of steel.

Having dealt with the theory of hardening steel and with

the micro-structures obtained by quenching, a few words may
be said at this point on the practical bearing of the constitu-

tional diagram and our interpretation of it on the hardening

operations which are so widely employed in practice. In the

first place, it is evident that in order to harden a carbon steel

it must first be heated to a temperature high enough to ensure

the entire passage of the steel beyond the Une HIJ. In the

case of steels lying near the eutectoid composition it is safe to

go a little further and to state that, for satisfactory hardening,

the passage of the entire steel into the region of the 7-iron soHd

solution is desirable. For this purpose the steel must be heated

high enough to pass through the critical points Ac^ and Acjg,

which in steels used for hardening generally he close together.
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It must not be forgotten, however, that the temperature of

Aci is from 30° to 40° C. higher than that of Ar^, so that the

indications of heating curves rather than of cooling curves

must be followed in deciding the temperature to which the

steel must be raised. Next, for reasons which wUl be explained

in the chapter on heat-treatment, the steel must not be kept at

this maximum temperature longer than is necessary to ensure

its complete transformation. The steel must then be allowed

to cool down, the rate being moderate, until it reaches a

temperature just above that at which the critical change Ar^

would take place, and then it must be quenched. Exactly at

what temperature above the critical point quenching must take

place will, of course, depend upon the size and shape of the

object and the nature of the quenching bath. For small tools,

good results are generally obtained by first heating to 760° C. and

then cooling down and quenching in water from a temperature

of 700° C. The resulting steel should consist of fine-grained

Martensite and should be fully hardened, i.e., in the condition

sometimes described as " gleiss hard." Such steel then

requires " tempering " by re-heating to various temperatures,

generally below 400° C, resulting in the transformation of more

or less of the Martensite into Troostite with a corresponding

softening and toughening effect. The treatment depends, of

course, upon the purpose for which the steel is required.

While this method gives very good results, it still exposes

the steel, in most cases, to unnecessary strain by allowing it to

be first hardened fully, i.e., to a degree not required for the

final purpose. Now hardening involves a risk, owing to the

fact that rapid coohng sets up severe internal stresses in the

steel, and these may, and frequently do, lead to cracking and

warping, particularly in objects of considerable size or com-

plicated shape. For that reason it is found desirable to quench

in the first place from the lowest temperature which will ensure

the attainment of full hardness, i.e., just above Ar^. Where a

lower " temper " is sufficient, however, the same object can be

attained by coohng from that temperature (just above Ar^),

but not by the vigorous method of quenching in a large bath of

cold water. A slower rate of cooling, which allows the steel to
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acquire the desired temper at once without re-heating or

" letting down," can be secured by the use of oil, or of hot

water, or even by quenching in measured small quantities of

water which reach the boiUng point a certain short time after

the steel has been immersed in them. Such methods, if care-

fully appHed, not only reduce the risk of loss from cracking or

warping, but also save the time and cost of subsequent

tempering.

The constitutional diagram of the iron-carbon system has so

far been considered only in regard to aUoys whose composition

places them to the left of the point D. We have now to

consider the remainder of the diagram, relating to the alloys

richer in carbon. Very roughly speaking, the alloys so far

considered may be classed together as " steel," while the

remaining members of the system include principally those

materials known as " cast-iron "—^but the division is by no

means accurate or satisfactory, since the essential difference

between " steel " and " cast-iron " is not one of carbon content.

From the discussion of the diagram already given, the

constitution of the various phases found and, consequently, the

micro-structures of the alloys lying to the right of the point D,

can be to a large extent inferred.

The slowly-cooled alloys of concentration lying between the

point D and the line BJ should consist, according to the

diagram, of crystals of cementite embedded in pearhte. This

cementite, while not primarily formed by crystallisation from

the molten metal, is derived from the eutectic which forms

along the line DB, and also from the solid y-iron solution which

has formed the primary crystaUisation, but wLich, during the

range of cooling from DB to IJ, has rejected some of the

cementite which it originally held in solution. The cementite

thus rejected from the solid solution would, with moderate

rates of cooling, aggregate itself about the cementite crystals

of the eutectic in such a way that these would grow at the

expense of the crystals and lamellise of the solid solution. What
finally remained of this soKd solution would decompose at the

temperature of the line IJ, and the cementite of the alloy would
thus be surrounded by pearlite. This structure is not often met
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with in actual samples, since " a moderate rate of cooling
"

generally results in a partial reversion to the mode of crystaUisa-

tion of the stable system, with the resulting formation of

graphite. On the other hand, perfectly " white " irons, both

of this group and of the final group lying to the right of the

line BJ, can be obtained by fairly rapid cooHng, and these

consist of cementite and pearlite, as indicated by the description

given above. An example of this structure is given in Fig. 76,

Plate XVI. If, however, the coohng has been somewhat more
rapid, the decomposition of the solid solution along the line IJ

may be more or less completely prevented, and the resulting

structure is then a mixture of Martensite, or of the transition

forms, such as Troostite, with cementite.

With regard to the highest carbon alloys lying to the right of

the line BJ, it need only be said that the tendency to graphite

formation decidedlyincreases with the carbon content, and these

irons can only be maintained in the " white " condition, i.e.,

free from graphite, by very vigorous chilling or rapid cooUng

from the molten state. When obtained in the graphite-free

condition their structure consists of crystals of cementite

embedded in a matrix derived from the soUd solution which

formed one of the constituents of the eutectic formed along the

Une DB. This may take any form ranging from the Martensite-

Austenite structure of quenched high-carbon steel to that of

pearhte.

As has already been indicated, there is a strong tendency in

the alloys richer in carbon to foUow, in part at least, the mode
of sohdification of the stable iron-graphite system indicated

in the diagram of Fig. 65. This appears, however, to affect

only the regions of higher temperature in the diagram ; it

would seem that the formation of graphite in the earlier

stages of solidification practically results in the formation of

an alloy of much lower carbon content—corresponding to the

carbon removed in the form of graphite—^which then follows

the meta-stable mode of further cooUng and transformation of

these lower-carbon alloys. The result is that the structure of

grey iron—as graphitic iron is generally called—^is practically

that of steel with which a certain amount of graphite appears



188 STUDY OF PHYSICAL METALLURGY

to be mixed as a species of impurity (in addition to other im-

purities frequently present). It is not strictly correct, however,

to regard these irons simply as impure steels, for the reason that

the presence of the graphite plays an important part in the

behaviour of these materials when heated, affecting the results

of such operations as annealing and quenching, while, of course,

it also reduces the strength and destroys the ductihty of the

material to a very considerable extent. For the purposes of

describing the micro-structure of the slowly-cooled iron, how-

ever, the similarity to steel mixed with a certain proportion of

graphite is very useful.

The grade of steel to which any given specimen of cast-iron

or pig-iron corresponds when examined under the microscope

depends on its initial carbon content, and also upon the amount

of graphite which has been deposited in the earlier stages of

cooling. Generally spealdng, the irons containing the lower

proportions of carbon tend to resemble the lower carbon

steels, while the irons richer in total carbon tend to resemble

the high-carbon steels, but this rule is subject to very wide

variations according to the rate of cooKng and to the presence

or absence of impurities—such as silicon and sulphur—^which

affect the tendency of the metal to deposit graphite. The final

structure will accordingly depend upon the amount of " com-

bined carbon " present in the iron.

Slowly-cooled iron containing less than 0-9 per cent, of

combined carbon will, on the basis of the analogy with steel

which has been stated above, consist of a mixture of ferrite and

pearlite, graphite being interposed in plates or nodules accord-

ing to circumstances—an example of this kind of structure is

given in Fig. 77, Plate XVI. An iron containing more than 0-9

per cent, of combined carbon, on the other hand, will consist of

cementite and pearlite mixed with graphite, but it sometimes

happens that the pearUte—as a result of slow cooling—separates

out into very widely-differentiated layers or bands, so that the

ultimate structure is really better defined as ferrite and

cementite mixed with graphite.

The structures just described result from slow cooHng carried

on from the molten state down to the ordinary temperature
;
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if the cooling is rapid throughout, the meta-stable system will

be followed and no graphite will be formed, but a further

condition of the iron must be considered which results from

subsequent re-heating of iron which was originally cooled

rapidly.

The re-heating of white iron consisting of cementite-pearlite,

if carried to a sufficient temperature, always results in the

liberation of carbon in the free state—^really a form of graphite

although it is generally known as " temper-carbon." This free

carbon is, of course, derived from a partial transition of the

alloy from the meta-stable to the stable system, some of the

cementite being broken up into ferrite and carbon. As a
" phase " this carbon is identical with graphite, but, being

formed in the solid metal, it occurs in a very finely-divided

condition which reveals itself in a very characteristic manner
when such iron is dissolved in certain reagents. The micro-

scopic appearance of " temper-carbon " is shown in Fig. 78,

Plate XVI., which shows the structure produced in a perfectly

white cast-iron by heating to 900° C. for several hours in vacuo-.

The fact that the heating in the above example took place

in vacuo is of importance, since the phenomenon in question

is liable to be masked by others if the iron is heated in an

oxidising atmosphere or in other oxidising surroundings.

The result in the latter circumstances is a tendency for the

iron to become more or less decarburised by the oxidation

of the carbon which it contains. The first effect of such

an oxidising annealing process is probably the conversion

of combined carbon into temper-carbon or finely-divided

graphite, but, either by the penetration of gases or by the

diffusion of solid oxides of iron and their re-action with the

finely-divided temper-carbon, the latter is oxidised and removed

from the metal. If this process is carried far enough, the

structure of the resulting iron is simply that of comparatively

pure steel (ferrite and pearlite) with a few patches of temper-

carbon. This process is used to a considerable extent in the

production of " malleable castings "—the castings in question

are produced from cast-iron in the ordinary way, but they are

Subsequently packed in oxide of iron and exposed to a high
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temperature for a long time—the resulting decarburised iron is

thus brought to a condition more or less resembling that of very-

mild steel, and it is thus rendered much softer and more ductile

than the original cast material, but its strength cannot and does

not become equal to that of actual steel, more particularly of

worked or forged steel. There are two reasons for this differ-

ence ; in the first place, the material is in a condition of

crystaUisation formed by casting alone and without that

refining which results from forging or rolling, and this relatively

weak and coarse structure is further inevitably affected in

an unfavourable manner by the prolonged heating to which

the castings are subjected. In the second place, it must be

borne in mind that the removal of the temper-carbon or graphite

is never complete and the residual graphitic areas diminish the

strength of the material. Further, the chemical composition

of a malleable casting, particularly as regards the impiu-ities

which are generally kept within very low Mmits in the case of

steel—such as sulphur, phosphorus and oxygen—^is rarely such

as to conduce to favourable mechanical properties in these

decarburised castings.

The process of decarburising cast-iron by prolonged heating

in oxidising conditions is that known as Reaumur's ; in modern
practice, however, there is a tendency to prefer the American

or " black heart " process. In this there is no real decarburisa-

tion; all the carbon originally present in the castings is

precipitated as temper-carbon, whose presence gives these

"malleable castings" their characteristic black fracture.

This process has the advantage that oxidation is avoided and

some surprisingly good results have been obtained, where pure

materials are treated in oarefuUy-controIled stoves.

The process whose theoretical foundation we have just men-

tioned, i.e., the softening or rendering malleable of hard iron

castings by heating under oxidising conditions, finds an exact

converse in the widely-used process of " case hardening,"

or cementation, by which a soft low-carbon steel is rendered

hard by the addition of carbon resulting from prolonged

heating in carburising surroundings. Such carburising sur-

ivoundings may coijsist merely ,of an atmosphere of carbon
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monoxide gas, or the steel may be packed in a carbonaceous

powder, although it has been found that the process is always

facilitated by the presence of nitrogenous matter, the gas

cyanogen beii^g particularly powerful as a carburising agent.

The process of case hardening consists in the absorption of

carbon by the outer layers of the steel, thus forming a coating

or " case " of high-carbon steel. When the piece thus coated

is subsequently quenched at a suitable temperature, the low-

carbon core is but little affected thereby, while the high-

carbon case is left in the Martensitic condition and is therefore

exceedingly hard. Provided that the transition from the

one region to the other is not unduly abrupt, the two portions

of the piece support one another very well, and a very valuable

class of article is produced. The absorption of carbon by heated

low-carbon steel can, of course, only occur when the steel is

at a temperature above Ar^, and it does not occur readily

until the whole of the steel is in the condition of 7 solid solution.

In that condition the steel readily takes up carbon, which slowly

diffuses inwards. The complete cross-section of a steel rod

case-hardened in this way is shown in the frontispiece of this

volume, which is taken from a composite photograph built

up of some 140 separate photographs. The dark ring sur-

rounding the mild-steel core consists of the high-carbon
" case." The transition from " case " to " core " in a hardened

steel is shown in Fig. 79, Plate XVI.

In concluding this chapter it must be pointed out that the

constitution and structure of the iron-carbon alloys have only

been very briefly surveyed, and that many matters of funda-

mental importance have either been barely mentioned or have

not been dealt with at aU. Some of these, such as the effects

of both good and bad heat treatment, are closely related

to that aspect of Physical Metallurgy which is treated in the

second part of this book, viz., the relation between micro-

structure and mechanical and other physical properties, so that

their consideration is left to that part of the book. Another
matter of fundamental practical interest, although of com-
paratively httle direct interest from the point of view of general

principles, ig the nature, maimer of occurrence and influence
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of impurities—not only in the iron-carbon alloys, but in the

pure metals and in all systems of alloys. To a slight extent

this question is dealt with in the chapter on the defects of

metals, but for fuUer treatment reference must be made to

separate treatises deaUng with the various groups of alloys.

It must be further pointed out that our treatment of " steel
"

has been confined to a very brief consideration of the pure

or nearly pure binary aUoys of carbon. The ternary and

quaternary alloys of this system, including all the " special

"

or " alloy " steels whose introduction into metallurgical and

engineering practice has constituted the greatest of recent

metallurgical advances, cannot well be treated, even super-

ficially, in an introductory volume such as this. Their adequate

treatment requires, not a separate chapter, but a separate

volume.
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PART II.

THE PROPERTIES OP METALS AS RELATED
TO THEIR STRUCTURE AND CONSTITUTION

CHAPTER IX

THE MECHANICAL TESTING OF METALS

In our brief survey of the constitution and structure of some
of the important and typical alloy systems, references to the

physical properties of the materials, and particularly to their

strength and ductility, have frequently been made. Since the

large-scale production of metals depends essentially on their

engineering uses, those properties which are of primary import-

ance for the use of metals or alloys in structures or machines

are also of the highest importance in the production of the

metals. Weak and brittle alloys have, in special cases, found

uses of more or less importance for special reasons and for

special purposes, but these uses are insignificant compared

with the engineering uses of steel or even of brass or bronze.

The methods of ascertaining the mechanical properties of

metals are, therefore, of the highest interest alike to the

metallurgist and the engineer. These methods have, how-

ever, been very largely developed by the engineer for the

purpose of controlling the products of the metallurgist and of

ascertaining how the materials sold to him are likely to behave

in actual use. It will probably be readily admitted that the

only completely reliable test for that purpose is actual use

itself, and it is upon the results of that very exhaustive test

that engineers endeavour to base their future specifications.

The test of actual use has, however, the serious disadvantage

that it is generally slow and always extremely expensive

—

indeed, in the majority of circumstances where tests are called

P.M. o
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for in order to ascertain the quality of a given material, that

test is totally inappUcable. As a result, engineers have

elaborated various systems of tests intended to furnish the

information as to how the material wiU behave in practice by

means of simple experiments which can be completed in—at

most—a few hours.

A test of this kind is frequently intended to imitate the

conditions of actual service. Where such an imitation can be

attained on a small scale very valuable results are found by

its aid. The testing of ship-models in modern ship-tanks, or

of aeroplane or airship models in wind-channels constitute

favourable examples of this kind, but their nature also illus-

trates the Hmitations of such a method. This limitation may
be readily expressed by sajring that the small scale model wiU

give a reasonable result if the law of similarity is observed.

Whether this condition is fulfilled can be ascertained in most

cases by varying the scale of the experiments ; if the results

have a real meaning it should be possible to arrive at concordant

results for the behaviour of the full-size object from the data of

experiments, whatever the actual scale of the experiments may
have been, within reasonable hmits. Applying this criterion

leads to the conclusion that in a mechanical test the results

should either be independent of the actual dimensions of the

test-piece, or at least related to those dimensions by some

simple geometrical law.

If this criterion is appHed to the majority of the more

empirical tests sometimes advocated in the testing of metals, the

results of the tests frequently fail to come up to the requisite

standard. The reason is not far to seek. In the conditions of

practical use engineering materials are exposed to complex

conditions and to forces whose combined eefEcts it is not

generally possible to calculate. When experiments or tests

are devised to imitate these complex practical conditions the

imitation is never perfect and only rarely " to scale." Usually

it is necessary to reduce the time factor in the experiments,

and in order to do this

—

i.e., to secure the fairly rapid failure

of the test-object in the experiment—some other factor must
be enormously exaggerated. Where the material might, if
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unsatisfactory, fail in actual service in the course of months or

years, in a test it must be made to fail in a few hours or at most

a few days. The difficulty lies in bringing about such rapid

failure without radically altering the conditions under which

the material works. Beyond this difficulty lies the fact that

in these " imitation " tests the conditions of the material

under the test itself are ill-defined or incompletely loiown or

understood. The consequence is that even duplicate apparatus

fails to give strictly comparable results, and comparability is

entirely lost if the size of apparatus or test-piece is changed.

A recognition of these difficulties leads, fortunately, to a very

clear and simple principle which is coming to be recognised

and appreciated in the science of mechanical testing—as it

has long been recognised and followed in all other scientific

measurement. This is that, in order to obtain results which

have a definite meaning, we must measure one property of our

materials at a time. This is simply the principle of isolating

the various factors of a problem and deahng with them one

at a time, which has long been followed in all other branches

of science. A single, definite physical quantity is chosen for

measurement and the conditions of the experiment are carefully

designed, so as to eliminate, as far as possible, the influence of

any other factors. In this way measurements are obtained

which can not only be accurately repeated at any time and

place by any suitable instrument, but the values found are quite

independent of the size of test-piece or other incidental circum-

stances.

Two difficulties arise in the apphcation of this principle

to mechanical testing. The first is that the various physical

properties which constitute " strength " are not yet fully under-

stood and analysed, so that it is not as yet easy to say which

and how many physical properties are of direct importance

from the point of view of the engineer. Once the correctness

of the principle is appreciated, however, this analysis will

rapidly follow—the accumulation of really accurate and definite

data will make it possible to unravel the physical relations

involved in " strength " under various circumstances. Mean-
while, the criterion that the ^esijlts must, subject to a simple

02
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formula ,be independent of the dimensions of the test-piece

and of the testing apparatus, affords a guide in the whole matter.

The second difficulty arises from the fact that in many cases

the results of tests madeon theprinciple here advocated are likely

to furnish data which the engineer is not easily able to translate

into practice. The answer is that such an objection really

apphes with far greater force to the vague and often meaning-

less results of some of the current " imitation " tests. Even

among existing and well-established tests the engineer is only

able to interpret those whose indications he has, through long

experience, learnt to correlate—^however imperfectly—with

the results of actual use. If future development along the

line here indicated takes place, the same process must be gone

through—the results of tests must be correlated as accurately

as possible with the data of experience ; if the tests are in

themselves based on a sound principle and determine the reaUy

fundamental properties of our materials, however, this correla-

tion is bound to be far more satisfactory than can be the case

with tests which are in themselves vague in their indications,

owing to the complex mixture of properties which determine

their results.

Although the adoption of the principle of determining the

individual fundamental properties of metals has been referred

to above as forming the basis for future development in the

science and art of testing, this must not be regarded as imply-

ing that there are not, among the tests at present habitually

employed, a number which conform to this principle. The

process of natural selection has, in fact, been at work and,

in spite of frequent voluntary departures from the guiding

principle recognised above, those methods which have stood

the test of time and have shown that they can and do yield

really valuable and reliable data, have permanently established

themselves in the favour both of practical engineers and of those

concerned with the investigation of metals. In this and the

following chapter we shall briefly describe and review the

principal forms of mechanical test now in use or contemplated,

and we shall see how far these tests follow or depart from our

fundamental principle. No attempt will be made to give
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working details of the numerous testing appliances which

are now in use all over the world—experimental details wiU
only be considered as far as they are essential to a discussion of

the results yielded by any form of test.

The best known and most widely used of all mechanical

tests is undoubtedly the tension test, in which a piece of metal

of known dimensions is firmly held at the two ends and exposed

to a tensile force which is increased until rupture occurs. So
firmly is this test established that for a time there was a strong

tendency on the part of engineers to rely upon it exclusively
;

more recently, however, a strong movement has made itself

felt in the direction of requiring, in addition to the tension

test, some form of test in which the metal shall be subjected

to shock, vibration or " fatigue." That movement has so

far justified itseK that few will be found at the present time

who do not admit the need for some form of " dynamic "

test, but the exact form of test to be adopted is still a matter

for wide divergence of opinion.

In accordance with what has been said above, the permanence

of the tension test, and the favour which it has found in

engineering practice, leads us to anticipate that its results

have a definite physical meaning and that the test is sufficiently

simple at least to approximate to our fundamental criterion

of measuring one single property of the material. It is quite

true that, within the elastic range, mathematical analysis

shows that a tensional stress is equivalent to a pure shear

plus a negative hydrostatic pressure, but it is doubtful how
far that analysis really applies to the important stages of a

tensile test which occur after the metal has passed the elastic

Umit and is extending plastically. Not only that, but the

component stresses of tension—shear and hydrostatic pressure

in the negative direction—are not readily realised in any

form of testing apparatus, although approximately pure

shearing tests can be made. Therefore, although a tensile

test may not be quite strictly a test of a single isolated physical

property

—

i.e., the property of resisting a simple statical stress

—yet it is a test under a very simple combination of stresses

and for that reason may with some precautions be made to
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yield results having a very definite meaning and com-

parable between different machines and different sizes of

test-pieces.

The machines used for the purpose of tensile testing are very

varied in form and size, the latter ranging from a " toy
"

machine, such as that employed in the research of the author

and Humfrey {') for measuring the tensile properties of thin

little strips of red-hot steel, up to huge machines capable of

exerting tensile forces of several thousand tons. All these

machines, however, work to a certain extent on one common
principle in that they possess three main organs ; the first

of these serves to apply to one end of a test-piece of suitable

shape the force required to produce the desired tensile stress.

The second organ serves to " take up " the extension in the

length of the test-piece which occurs when large stresses are

applied to it ; in the case of ductile metals this extension may
be very large indeed, and the machine must be capable of

maintaining the load on the test piece in spite of these large

extensions. Finally, the machine must possess an organ or

apparatus for measuring the force applied to the test-piece

in an accurate and reliable manner. As a rule, the first and

second organ are combined by the use of an hydraulic ram,

which applies the desired load and at the same time takes up

any extension of the test-piece. The various types of testing

machine differ principally in regard to the third organ, i.e.,

the apparatus by which the tension or load on the test-piece

is measured. Broadly speaking, there are only two ways in

which this is done, viz., by direct counterpoise through the

medium of one or more levers and weights, and by some form

of hydraulic pressure measurement. In this country the

lever and weight form of testing machine is almost exclusively

used, a result of the refusal of the Board of Trade to recognise

tensile tests made upon any other type of testing machine.

This is, however, a restriction no longer justified by facts,

and one which therefore cannot long be maintained in view

of the circumstance that the lever type of machine has been

entirely superseded in Germany by one of the other types,

which owes its great development largely to Martens (^). In



THE MECHANICAL TESTING OP METALS 199

America, also, the splendid Emery (^) machines do not depend

upon direct lever counterpoising.

What we may term the " English " type of tensile machine

is shown diagrammatically in Fig. 80. In that figure the test-

piece, T, is attached to the two shackles or holders, S S'. The
upper shackle hangs vertically downward from a stirrup, R,

which rests, by a knife-edge, K, on the lever, L. This lever is

free to turn in a vertical plane on the knife-edge, I. On the

Pig. 80.—^Diagram of the Single Lever Tensile Testing Machine.

lever, L, runs the jockey-weight, W, which is so adjusted that,

when in the zero position, at the left-hand end of the lever,

it just counterpoises the weight of the lever itself. As the

weight is run out to the right it can thus be made to counter-

poise the puU of the test-piece, T, acting through the shackle, S,

and the stirrup, R. The lower shackle, S', is attached to an

hydrauhc ram, P, which, by the application of water pressure,

derived either from the mains or from a special pump, can

be caused to move downwards and thus to apply the load to

the test-piece. If the test-piece stretches, the ram, P, will
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simply descend under constant pressure and take up the stretch

before applying additional load, unless the water is supplied

to the ram so fast that the stretch of the test-piece cannot

keep pace with it ; in that case the pull on the test-piece

may increase, even while fairly rapid extension is taking place.

The necessity for the use of the lever in this type of testing

machine, for the purpose of measuring the pull or load on the

test-piece, is due to the fact that this pull caimot be directly

deduced from the water pressure acting on the hydraulic ram.

This discrepancy arises from the very large amount of friction

which exists between the ram and the cup-leather which is

used to make a tight joint between the ram and the cyMnder

in which it moves. The lever, however, although convenient in

many ways, also possesses several serious disadvantages. In the

first place, the knife-edges require care and attention at intervals

because they are necessarily exposed to severe stresses and

even to shocks when a strong test-piece breaks suddenly.

Next, the lever—^Lf a single lever is used—^is long and heavy

and occupies much space. The whole machine, indeed, is

bulky and costly. A photograph of a 100-ton tensile testing

machine of this type, as installed at the National Physical

Laboratory, is shown in Fig. 81, Plate XVII. In this machine

the hydraulic cylinder and ram are in the pit below the floor

level, while the hydraulic pump and accumulator are in another

part of the building, so that the machine as shown in the picture

is only a part of the whole installation. A further disadvantage

of the lever and jockey-weight is that they possess a considerable

amount of inertia, and may thus momentarily exert forces

far larger than the scale-reading of the jockey-weight would

indicate. Particularly when a test-piece is stretching rapidly

this factor may introduce serious errors, especially if measure-

ments of a more deUcate tjrpe are to be made.

The hydraulic measuring type of tensile testing machine is

a much simpler and more compact apparatus than the lever

tjrpe ; Mke the other it possesses, as a rule, an independent

hydraulic ram for the purpose of exerting the loading pull

and of taking up the stretch of the test-piece, but the load

on the test-piece is transmitted to a second hydraulic apparatus,
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which serves solely for the purpose of measuring the amount
of pull exerted at any moment. This is accomplished by an
appliance developed largely by Martens, and known in German
as the " Mess Dose " or " hydraulic measuring box." In

this appliance the pull of the specimen is transmitted to one

side of a chamber which is partly composed of a flexible dia-

phragm. This chamber is completely fiUed with water, which

is in communication with a sensitive pressure gauge. When
the test-piece exerts the pull on the movable side of this chamber

the pressure within the chamber rises until the pull of the

test-piece is exactly counterpoised, and the pressure then

recorded by the gauge measures the pull of the test-piece, being,

of course, proportional to the area of the movable side of the

box. In this way the actual pull can be very much magnified,

and the scale of the pressure gauge, in terms of tons, can be

made very open. This arrangement has the great advantage

of compactness and cheapness and the total absence of serious

inertia. The results, however, necessarily depend upon the

accurate calibration of the measuring box and pressure gauge

and upon the constancy of these two. The latter has, however,

been amply established by the continued re-calibrations under-

taken at the Material Priifungsamt, at Lichterfelde, Berlin,

and there can be little doubt that for accuracy and reliability

this hydraulic measuring type of testing machine compares

favourably with the lever types.

Another simple type of testing machine, which also depends

upon the hydraulic measurement of the load applied to the

test-piece, is that developed by Amsler in Switzerland. In this

type of machine the ram which applies the testing load also

serves to measure it. For that purpose the ram is made a

slightly loose fit in its cylinder and no cup-leather is used. The

pressure is applied by means of oil, fed from a high-pressure

pump, and a thin film of this oil is continually allowed to leak

past the ram and to return to the reservoir. In this way the

friction of the ram is reduced to negligible proportions and

maintained at a very constant value. The pressure of the oil

behind the ram is then used as a measure of the load on the

test-piece, and for that purpose a very simple and accurate
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form of direct gravity pressure gauge is employed, in which the

oil pressure is measured by the deflection of a heavy pendulum.

This type of machine is found to give very accurate and

rehable results, if properly caUbrated and kept in the requisite

good order. In use it is decidedly more convenient than the

lever type ; it occupies much less space and is free from inertia

errors. Fig. 82, Plate XVIII. , shows an example of this type

of machine, both the high pressure pump and the pendulum

manometer being shown.

Quite recently Dalby (*) has perfected a new type of instru-

ment for the autographic recording of the indications of a

testing machine when employed for tensile work, which is self-

contained, in the sense that it obviates the need for any means

of stress-measurement on the part of the testing machine proper.

This result is achieved by the use of what is termed a " weigh

bar," which is simply a piece of steel of high " elastic hmit

"

through which the puU of the machine is transmitted to the

test-piece. Such a " weigh bar " is in reality a very stiff but

perfect spring, since its elastic extension is always strictly

proportional to the load upon it. The Dalby instrument,

which will be referred to in greater detail when the determina-

tion of " stress-strain diagrams " is considered, measures the

extensions of such a weigh-bar and thereby determines the load

on the test-piece. It is, of course, essential that the weigh-bar

should be very much larger in cross-section than the test-piec©>

so that the latter may be broken before the elastic limit of the

former shall be passed. For the calibration of the weigh-bar

itself

—

i.e., for the purpose of determining once for all what

load is required to produce various elastic extensions in the

weigh-bar—the use of some accurate form of testing machine

of the ordinary type, or working by direct dead-weight loading

is, of course, required—but one standard machine could readily

supply calibrated weigh-bars for any number of simple machines

having no separate measuring appliances.

Leaving aside the question of the experimental details of

testing machines as unsuited to the scope of the present book,

we may now turn to a consideration of the nature of the data

which are derivable from a tensile test. In order to understand
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these we must briefly describe the course of events which take

place when a specimen of metal is broken in a tensile test.

As the load is gradually applied there is first a period in

which no visible change occurs in the specimen—assuming, for

example, that we are deaUng with a material like mild steel.

Delicate measurements show, however, that even in this stage

the metal undergoes a measurable amount of stretching.

This stretch, however, is temporary or " elastic " and

disappears almost entirely when the load is removed. It is

found, too, that during this period the amount of extension is

strictly proportional to the appUed stress, thus following the

well-known law of Hooke, that (elastic) strain is proportional

to stress. The actual amount of elastic stretch which occurs

under a given stress varies very considerably with different

materials. This amount is generally expressed in the form of

the elastic constant, known as " Young's modulus," which is

calculated, from measured loads and extensions, as the load in

pounds per square inch which would suffice to stretch a piece

of the material—^if elastic stretching of such an amount were

physically possible—to double its initial length. The same

thing may be put rather more rationally by saying that Young's

modulus is 1,000 times the stress, in pounds per square inch,

which is sufficient to cause a test-piece to stretch by one

thousandth of its original length. In mild steel this constant

has a value of the order of thirty milHons, or 3 X 10* pounds

per square inch. In other materials it varies from such a value

as twelve millions for some light aluminium alloys to eighteen

miUions for bronze or brass. The value of this constant,

curiously enough, is very little affected by such processes as

cold rolling or drawing, so that it appears to depend upon the

nature of the atoms present in the material rather than on

their arrangement.

The measurement of the elastic stretching of metals under

tensile loading is a matter of some delicacy, as the changes of

length to be determined are very minute. Instruments for

this purpose, known as extensometers, have been designed in

various forms, but only two need be mentioned here. In one

of these, designed by Ewing (^), clips are attached to two points
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:^

of the test-bar a known and definite distance apart—usually

eight inches. From the upper clip a rod is suspended, to which

is attached a microscope ; in the field of view of this micro-

scope is a piece of glass engraved with a very fine scale, and this

piece of glass is attached to the lower clip on the test-bar. The

arrangement is diagrammatically shown in Fig. 83. The small

glass scale moves with the lower clip, while the microscope

moves with the upper, and the relative movement of the two

shows the extension of the test-piece between the clips, the

movement being, however, magnified in the first place by the

system of levers which constitute the

supports of the microscope and the scale,

while the principal magnification is

obtained optically in the microscope.

With this instrument changes of length

of sjs.hisTS of ^^ ^'^"^ ^^^ ^® measured.

Even more delicate, but less con-

venient, is the instrument employed by

Martens (*). In this type of extenso-

meter a clip is again attached to the one

end of the test-bar ; from this clip rods

pass down the sides of the test-bar and

parallel to the face of the bar—shown

as RR in the diagram of the arrange-

ment given in Pig. 84. At the point P,

corresponding to the lower cHp position

in other extensometers, small rectangular

prisms or double knife-edges are placed between the test-piece

and the rods in such a way that the opposite knife-edges, E in

the diagram, bear upon a rod and the test-bar respectively. If

now there is any movement of the rod relatively to the bar, the

little prism will be slightly tilted. In the Martens extenso-

meter this prism carries a mirror, whose angular movements

are measured by means of a telescope and scale. These give

readings proportional to the minute extensions of the test-bar,

since the test-bar will move relatively to the " idle " rod when
the former undergoes elastic extension.

These and other extensometers serve to determine the curve of

3C

T-Test Piece
PP-Points or Attachment
S - Scale

Fig. 83.—Diagram of

the Ewing Extenso-
meter.
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r> o

elastic stretching and the value of Young's modulus, as well as

for the determination of what is known as the " elastic limit
"

or sometimes, perhaps more correctly, the " Umit of propor-

tionaUty." Suppose that the load on a test piece is increased

step by step and the extension is read with a suitable extenso-

meter. If the values of stretch thus obtained are plotted against

load as abscissae, a curve is obtained which represents the

behaviour of the metal. A curve of this kind, on which the

observed points are marked, is shown in Fig. 85, which is

typical of mild steel. There is first a considerable range within

which the observed points he on a slop-

ing straight line. This is the elastic

range in which stretch is proportional to

load, and the slope of the hne merely

indicates the value of Young's modulus
—i.e., how much the material stretches

for each increment of load. After a

certain point, however, which in this

example lies at a stress of eight tons per

square inch, the observed points visibly

fall away from the straight hne. This

means that the material has ceased to

obey Hooke's Law, the stretch is no

longer strictly proportional to the load

and the " limit of proportionality " has

been passed. This "elastic Mmit" is a

very important point in the behaviour of metals, but we shall

see later that, as determined by a simple tensile test, its position

is much influenced by the treatment which the metal has pre-

viously undergone. The " primitive " elastic hmit, as this

point is sometimes called when it is desired to point out that

we are deahng with a simple determination upon a material in

its " primitive " condition, may be displaced in either direction

by means of mechanical treatment—^it is raised by tensile

over-strain, cold rolling or drawing, or any other mode of cold

working which causes an extension of the material. If, on the

other hand, the metal has previously been compressed longi-

tudinally, or treated in such a manner as to produce diminution

Fig. 84.—Diagram of
Martens' Extenso-
meter.
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of length, then the " primitive " elastic Umit will be displaced

downwards from its true position. Unless, therefore, the

material has been treated in such a way as to remove the effects

of previous mechanical treatment, the determination of an

elastic limit by extensometer is not very reliable. Bairstow (')

has shown that, however much the apparent or " primitive
"

elastic limit may have been displaced by mechanical treatment
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The faUing-away from the exact elastic curve, as indicated

by the delicate extensometer, is not in itself visible or notable

by an observer watching a tensile test without the aid of such

delicate measuring instruments. When the load is, however,

increased a little further, a very striking phenomenon makes
itseK felt in such materials as wrought iron or mild steel.

This is generally known as the " yield-point," and indicates

the end of the elastic stage of the test and the commencement
of large permanent or " plastic " extensions. If one is working

with a lever testing machine, this stage is announced by a sudden

dropping of the beam, and the hydi-aulic ram must be lowered

a considerable distance before the beam can be made to float

again. The test-piece is seen to undergo a visible change
;

if it is a rough piece with the scale still on it, this is seen to

flake off, often in regular lines lying at 45° to the length of the

bar. A bright machined surface cannot show scaling, but it

becomes dulled or " frosted " in appearance, the change com-

mencing at one point and spreading steadily along the bar.

At the yield-point, as will be seen from autographic diagrams

described below, there is in mild steel a sudden sharp drop in

the load which the material will bear ; the steel then stretches

to a considerable extent at a constant load, and then slowly

takes up a gradually increasing load. Up to a certain point

this continues, the load growing steadily while the steel con-

tinues to extend, but at last a stage is reached where the exten-

sion of the steel bar becomes unstable and local necking occurs.

At one or sometimes at two points the steel begins to constrict

locally, much as a jet of liquid does when it is about to break

up into drops. The constricted portion at once experiences

an increased stress, and rapid local extension with growing

contraction occurs until, finally, fracture supervenes.

It is evident that this process, with its various well-marked

stages, is capable of graphic representation in the form of a

curve representing the relation of extension of the test-bar to

the stress applied to it. This is the well-known " stress-strain
"

diagram. Such a diagram can be constructed, so far as its

general features are concerned, by noting the length between

two gauge-marks on the test-bar corresponding to various loads
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or stresses and plotting the results. This is, however, unsatis-

factory, since the more minute and, in many ways, the most

interesting features of the curve can only be obtained by a con-

tinuous curve and not by the plotting of intermittent points.

For this purpose various forms of autographic apparatus have

been devised, but those formerly in use have all proved unsatis-

factory, so that for the great majority of tensile tests as carried

out at the present time no stress-strain diagram is taken, but

merely the yield-point, the maximum stress and the total

extension are determined.

The recently-devised optical

apparatus of Dalby{*), how-

ever, overcomes the disad-

vantages hitherto attaching

to autographic apparatus for

this purpose, and makes it

possible to obtain extremely

accurate and detailed dia-

grams with very httle trouble,

and even on tests carried out

at exceptionally rapid rates.

We have already referred to

it as a means of measuring

the stresses appUed to a test-

bar without the use of a lever

or hydraulic measuring cham-
ber, but the manner in which

^^^-^=^2

/.-Loner •
fl^thcTestrng Machine.

Fig. 86.—Diagram of the Dalby
Apparatus.

the autographic stress-strain diagrams are obtained is worthy
of brief mention.

As already indicated, in the Dalby apparatus the stress is

transmitted to the test-bar through a " weigh-bar," whose
elastic extension measures the amount of the stress. This

weigh-bar takes the form of a cyhndrical rod of nickel steel

whose core has been bored out so as to form a thick-walled

tube. This tube is shown as WW in the diagram of the

apparatus given in Fig. 86. To the lower end of the weigh-bar,

W, is attached the test-piece, P. Inside the tube, W, is placed

a vertical distance-piece, t. If now W is stretched through a
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short distance, there will be a small relative movement of the

upper end of the piece, t, and of the small projections (1 and 2)

connected to the upper end of W. A small mirror is mounted on
three points in such a way that the slight relative movement of t

and 1, 2 causes the small mirror to tilt, thus forming a sensitive

" optical lever," by means of which the minute extensions of

W are sufficiently magnified. A beam of light from the lamp Z
is reflected down on to the mirror of this optical lever and up
again from it to another mirror, N, and thence to the ground-

glass screen or the photographic plate at F. Now matters are

so arranged that the movements of the little mirror at the

upper end of t serve to move the beam and the resulting spot

of light on the ground glass or the plate in a horizontal direction,

thus providing the horizontal ordinates of the final diagram,

which represent the extensions of the weigh-bar, i.e., the stress

applied to the test-bar. By an ingenious system of linkage the

stretch of the test-piece is caused to rotate the second mirror, N,
in a sense at right angles to that of the mirror M at the top of t.

Movements of this mirror, N, which, therefore, correspond to

changes of length of the test-bar, are thus translated into

vertical movements of the spot of light on the screen or the

plate, so that the vertical ordinates of the resulting diagram,

which is traced by the spot as a test proceeds, represent the

extension of the test-piece. A stress-strain diagram is thus

obtained from which the loads and extensions at all stages of

the test can be read off with great accuracy by the use of a

calibration plate, which is laid over the plate obtained at each

test. With this apparatus the entire operation of making a

test and taking the diagram resolves itself into setting up the

apparatus and then putting the hydrauHc ram into steady

action, care being taken to see that no load is put on which

could damage the weigh-bar by loading it above its own elastic

hmit. If the weigh-bar is reasonably well proportioned to the

size of test-piece to be employed, however, there is no risk

of this, since the test-piece will break at a load which is perfectly

safe for the weigh-bar.

An example of an actual diagram obtained with the Dalby

apparatus on a specimen of mild steel of a satisfactory kind is

P.M. P
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shown in Fig. 87. The various stages of the test can be readily

recognised. There is first the very nearly vertical line repre-

senting the elastic range, in which the extensions of the test-

piece are too slight to be well shown on such a diagram. Then

there is the well-marked drop at the yield-point, followed by a

range of nearly constant load, with minor irregularities. Then

we have the steady upward sweep to the maximum load, and

the drop at the end as local contraction sets in.

The diagram chosen for this example corresponds exactly

with the behaviour of a tensile test-piece which was described

previously in some detail. But this typical mode of behaviour

3
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into the large upward sweep . This wide divergence in behaviour

under the tensile test must necessarily possess a deep physical

significance, but these differences and their causes have not yet

been sufficiently studied. When these features have received

the explanation which is no doubt attainable by the methods
of Physical Metallurgy, the full value of the tensile test will be

reaUsed. At the present time there is too great a tendency to

consider little beyond breaking stress and either elongation or

reduction of area. Even the significance of the yield-point,

and its variations in various conditions of the same material,

is only slowly gain-

ing recognition. In
^

the chapter dealing

with the internal

mechanism of plastic

strain in metals, and

in that dealing with

the relation of micro-

structure to mecha-

nical properties,

these questions will

again be considered.

Here we have been

principally con-
cerned with the

Extension-Inches

Pig. 88 .—Stress-Strain Curve of Kolled Brass,
showing Gradual Yielding.

methods of tensile testing and the general nature of the data

which those tests could afford.

Another form of static test which is closely akin to the

tensile test is that by compression ; it is not, however, by any
means so simple or satisfactory a test, owing to the fact that,

except in very short test-pieces, pure compression stresses

cannot be realised without the intervention of bending. As
soon as a test-piece, particularly of a ductile material, intended

for compression testing exceeds a length equal to five times its

diameter, it behaves as a short column and fails by bending,

the precise shape which it assumes depending entirely upon the

manner in which it has been attached to or placed between the

compression plates of the testing machine. On shorter speci-

p2
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mens measurements of changes of length cannot readily be

made, and the frictional effects of the ends of the test-piece also

play a disturbing part. Coiosequently the compression test is

rarely, if ever, used in the commercial testing of ductile material,

such as steel, but such tests are frequently appHed to non-

ductile metals, such as cast-iron. Accurate determinations of

the elastic limit in compression have, however, been made,

among others, by Bauschinger (*) and by Muir (®), and their

results are of great importance in connection with some of the

problems discussed in Chapter XI.
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CHAPTER X
THE MECHANICAL TESTING OF METALS

—

Continued.

In the preceding chapter we have dealt briefly with the

simplest forms of mechanical tests—viz., tension and com-
pression, and the indications which they afford. We have now
to consider certain other types of test, confining our attention,

in the first place, to those in which stresses are slowly applied.

These are sometimes known as " statical " tests in contra-

distinction to those in which loads are rapidly applied, the

latter being termed " dynamic " tests.

The testing of metals in torsion is not very widely practised,

probably for the reason that the structural and mechanical

appKcations of metals in which serious torsional stresses arise

are not very numerous. Recently, however, the use of

numerous small shafts under comparatively heavy loads in

automobile construction has drawn fresh attention to the

subject, and some work has been done, notably by Larrard (^).

This neglect of torsion tests is another example of the tendency

of the testing engineer to adopt or to confine himself to those

tests which appear to him to apply stresses " similar to those

under which the metal has to work." The misleading nature

of this apparent similarity has already been indicated. Indeed,

from the point of view of determining a definite physical

property or constant of a material, the torsion test is probably

equal, or even superior to, any of the other more frequently

employed tests. This arises from the fact that in a properly

designed torsion test, at all events up to the point where plastic

flow becomes large, only pure shearing stresses arise. It is

true that when a specimen of circular cross-section is Subjected

to torsion, only the outer fibres are subjected to the maximum
stress, the intensity of the stress diminishing uniformly to the

centre of the bar. This is, of course, a disadvantage, since it

confines the more important portions of the test to a mere
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skin of material Ijang on the outside of the test-piece. This

can only be remedied by using hollow test-pieces which have

been bored out so as to leave only a moderately thin cylinder

to be subjected to torsion. In such a test-piece the material

left in the cylinder is subjected to a very nearly uniform

shearing stress, and valuable results can be obtained. The

preparation of such test-pieces is, however, somewhat expensive

and slow, while in some materials it is impossible. In any case

the thickness of cylinder wall must not be reduced too much,

as the action of the cutting tools, as we have seen in Chapter II.,

leaves behind a layer of material whose physical properties

have been seriously altered by deformation ; if the cylinder is

made unduly thin, these altered layers will affect the behaviour

of the material.

The method of making a torsion test is very simple ; the

cylindrical test-piece—hoUow or solid—^is provided with

enlarged ends, which are either made square or, if circular, are

provided with substantial keyways. By means of these ends

the test-piece is fixed in the two " jaws " of the machine ; one

of these jaws is capable of rotation by the aid of suitable gear-

ing, and through this end the twisting moment is applied. The

tendency of the other end to rotate is resisted, usually by means

of a lever, and the twisting moment of the test-piece is counter-

poised and measured, either by means of a long lever and jockey-

weight, or by the aid of an hydraulic measuring device similar

to that described in connection with tensile testing. In fact, a

great many tensile testing machines are fitted with arrange-

ments for making torsion tests, the same measuring apparatus

being used for both.

By means of such a machine the relation between twisting

moment and angle of twist of the test-piece can be determined

for a series of values, or a diagram showing the connection of

the two can be drawn by a suitable autographic apparatus-

The value of the twisting moment can, of course, be readily

converted into shearing stress in tons per square inch. Such

a diagram then becomes a simple stress-strain diagram corre-

sponding to the stress-strain diagrams obtained in tensional

testing, but we are here measuring the behaviour under pure
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shear, and what we determine are the " elastic limit," the yield

stress and the ultimate or breaking stress in shear, while the

strain is measured in terms of angle of twist. In very general

terms it is found that for most materials there is a rough agree-

ment between the behaviour under tension and under torsion,

a material exhibiting great extension or reduction of area in

tension showing a large angle of twist under torsion. On the

other hand the values, in tons per square inch, found for the

elastic limit, yield-point and ultimate stress by the two methods

do not usually coincide. Bearing in mind that, although shear

does enter into the tension stresses, there is a fundamental

difEerence in the nature of the applied stresses in the two kinds

of test, this divergence of

results is not surprising.
I

Other methods of testing

materials under purely

shearing stresses suggest

themselves. Thus a test- r

bar might bepassedthrough ^^

three adjacent rings, the

two outer ones attached to

the lower and the middle i +

one to the upper shackle of Fig. 89.—Diagram of Shearing Test.

a tensile testing machine.

When a load is applied to such an arrangement—shown

in section in the diagram of Fig. 89—the central ring tends

to rise, while the two others remain in their former position.

A shearing stress is thus set up in the two cross-sections

of the bar (as shewn in the diagram). It is quite possible to

obtain results with an arrangement of this kind, but there are

serious difficulties. A great deal depends in such a test on the

accurate alignment of the three rings, the closeness with which

they are held against each other when the load is appUed, and

the truth and sharpness of their edges. Further, although

under moderate stresses such an arrangement results in an

approximately pure shear in the material, when plastic flow

begins the conditions become vague and complicated—^there is

a great deal of local crushing of the material, accompanied by

:b
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lateral flow, particularly in highly ductile metals, and the final

result does not possess as precisely definite a meaning as could

be wished. It is also difficult to obtain measurements of

plastic yielding in such a test.

Somewhat similar in principle, but more manageable in

practice, is the " punching test." In this test a flat plate of the

metal under examination is placed over a die having a circular

hole with sharp edges. On top of the plate is placed a plunger

or punch, which also has sharp edges, and which fits accurately

into the hole of the die below the plate. The die and plunger

are aligned in some convenient manner and then placed

between the jaws of a press, such as those of an ordinary

testing machine arranged for compression testing, or a special

press with suitable measuring arrangements can be employed.

As pressure is applied the plunger sinks into the metal, and

after a certain depth of indentation has been reached the

resistance of the metal diminishes suddenly and a disc of the

same diameter as the hole is forced out. In this case some-

what delicate apphances are required if the relation between

stress and deformation is to be measured or recorded. The
test has to overcome the further difficulties that the results will

be materially influenced by the exact fit and condition of the

edges of the plunger and die, whUe small errors of alignment

would also be serious. None the less such a test has frequently

proved useful, and would appear to be well worthy of further

development.

All the static tests so far described labour under the dis-

advantage, from the purely practical point of view, that if

fairly large pieces of metal are to be tested relatively very large

forces must be employed, thus requiring the use of heavy and

costly machines or the use of unsatisfactorily minute test-

pieces. This, of course, arises from the fact that the load

employed simply applies a stress which is equal to the total load

divided by the cross-sectional area of the test-piece. This

difficulty can be avoided by employing a form of test in which

the maximum working stresses are large compared with the

applied load. Typical of this method are the bending tests,

in which the test-piece is used in the form of a beam or canti-
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lever, and theload is applied in such a way as to produce bending

moments. This method allows strong and heavy test-pieces

to be broken by the application of relatively small forces, but

beyond this few advantages can be claimed for it. In the first

place the stresses set up in the test-piece are far from being

simple in kind, and the results, therefore, do not correspond

directly to any single well-defined physical property of the

material. Further, the conditions of the experiment are

always comphcated by severe local stresses which come into

play at the points where the load is applied to the beam. A
further disadvantage of the method is that the maximum
stresses, which only occur in the extreme fibres of the section

of the beam, depend, as regards their intensity, upon the exact

dimensions of the beam to a very marked extent, so that small

errors of measurement or irregularities of form have a much
larger effect on accuracy than is the case with simple tension or

torsion tests.

The bending test, whose defects have just been emphasised,

finds a certain sphere of utility in cases where it is applied in

an extreme form, not for the purpose of measuring any particu-

lar form of " strength," but for the object of ascertaining

whether a given sample of metal possesses a certain minimum
degree of ductility. In this form of test a bar or strip of the

material is so placed in the testing machine, or in some form of

hydrauHc or power press, as to become severely bent. Some-

times such bending is carried out in such a way that the material

under test is folded over against a steel bar of circular section,

so that the bend formed in the test-piece has a certain definite

radius. In other cases a more severe test of ductility is made
by folding down the two sides of the bent test-bar until they

touch one another without the interposition of a radius piece.

Such a close bend places the material at the edges of the bend

itself under very severe conditions of deformation, and it is a

process which only the most ductile materials can undergo

without showing signs of cracking. This " cold bending " test

has the advantage of being very readily performed without the

aid of special machinery, and is consequently much employed as

a workshop or works test. Care must be taken, however, in
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comparing different materials by this test to see that the strips

or bars employed in all cases are of the same thickness, since

even small variations in thickness make a considerable

difference to the severity of this test—a thin bar bending

double with much less strain on its outer fibres than a thick

one. In any case this test in its ordinary form is a purely

qualitative one—no numerical values for " ductihty " are

obtainable by its means. A somewhat more quantitative form

can be given to such a test by using test-bars or strips of such a

thickness that they wiU not bend close without breaking or

cracking. In that case, always using bars of the same thick-

ness, it is possible to place materials in a rough order of

ductility by determining the angles of flexure at which they

break or crack. This test is obviously not comparable with

the quantitative tests or measurements which we have so far

discussed, but it possesses a definite utility in serving to detect

the grosser cases of certain types of brittleness.

We have next to consider a form of test which has attained a

very considerable degree of importance, chiefly owing to the

ease with which it can be applied, the small amount of material

required for its execution, and the comparative regularity and

consistency of the results which it yields. This is the test for

" hardness " by the method first systematised by Brinell (^),

which consists in making upon a flat surface of the material an

indentation by means of a small steel ball appUed under a

known pressure. The size of the indentation produced is

taken as a measure of the " hardness " of the material.

In considering this test we are first of aU faced with the

difficulty of defining "hardness." Perhaps the best form of

definition of this property of matter is to describe it as " the

power of resisting the local displacement of portions of its

substance." But it is at once evident that this " power " is

by no means a simple and definite property of the material

which wiU reproduce itseM in all circumstances. Thus the

displacement of a portion of the substance of a material may
occur by plastic flow—the material may be indented at one

point while its level is raised at other points ; in other circum-

stances or in other materials the displacement may occur by
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direct fracture—as in the scratching of a brittle material. Or,

again, either of these forms of local displacement may be
brought about by the application of a steadily increasing force

or by a rapidly applied force, i.e., by a shook or a blow. It is

by no means certain that the power of resisting all these

various forms of displacement will be identical or even propor-

tional to one another, so that the material which displays the

highest " scratch hardness " is not necessarily the hardest

under an indentation test. It would seem, therefore, that
" hardness " is a somewhat vague term covering a range of

properties not necessarily closely connected with one another.

Where " hardness " is referred to, therefore, the manner in

which it is measured should always be specified.

Among the various methods which have been proposed for

the measurement of hardness, it seems probable that the

Brinell ball-test, measuring indentation hardness, is probably

that one which most nearly approaches our fundamental ideal

of constituting a measure of a single definite property. In

this case the test probably measures a group of properties of a

fairly simple type. That this is the case may be inferred from

the fact that tests made with balls of different diameter can be

rendered fairly comparable by employing a reasonably simple

formula, viz., that of Benedicks (') :

—

Hardness number = j x s/ p,

in which L = load in kilogrammes,

A = superficial area of the concave sur-

face of the indentation,

and p = radius of the ball.

It is also a significant fact that in a series of alloys of similar

tj^e the Brinell hardness number is found to be with consider-

able accuracy proportional to the ultimate stress determined by

tensile tests. In view of the great difference in the manner in

which the material is treated in these two forms of test, this

proportionality is somewhat remarkable. It is found to apply

particularly well in the case of carbon steel of aU grades. On
the other hand, it has been clearly shown, notably by Saniter (*),

that the ball-hardness number is not a safe guide to the power
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of a material to resist abrasion, such as that to which the rails

and tyres on a railway are subjected.

The ball test may be carried out in a very simple manner

;

all that is required is a good steel ball, of the kind used in

ordinary good quality ball-bearings, some means of holding

this ball, usually a block of steel into which the ball is recessed so

that only one hemisphere projects, and some means of pressing

this ball on to the surface of the test-piece with a known load.

The dimensions of ball frequently employed are ten and five

millimetres diameter respectively, loaded with either 1,000 or

5,000 kilogrammes, i.e., one or five metric tons. Any other

sizes of ball or weight of load may be employed, provided that

all results are reduced to a standard by means of some such

formula as that of Benedicks. It is, of course, stUI better to

make all comparison tests with the same diameter of ball and

weight of load. When the indentation has been made, it

becomes necessary to measure it. This may be done by

measuring either the depth of the impression or its diameter at

the surface ; from either of these measurements the quantity

required for the formula

—

i.e., the actual area of the surface of

the impression—can be readily calculated if a true spherical

form is assumed for the indentation. Such a form is never

strictly maintained by the indentations, and in cast metals

having a fairly coarse structure the form of the impression may
be visibly irregular, but the mean diameter and the area of the

corresponding spherical indentation is calculated for the

purpose of obtaining the hardness number. The diameter of

the indentation at the surface is readily measured by means of a

micrometer microscope, but the process is somewhat laborious,

as a number of diameters have to be measured for each im-

pression in order to arrive at a fair mean value. In order to

avoid this trouble, special instruments have been devised for

the purpose of obtaining the hardness number by direct read-

ings on a scale, or at most by simple calculations from such

readings. The machine designed by Martens is a good example

of this type of apparatus. Its appearance is shown in Fig. 90,

Plate XIX. ; it consists of a special form of hydraulic measuring

box, which constitutes the base of the apparatus, Connected
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to the movable diaphragm of this hydraulic box is a small ram
or plunger, which moves upwards through a short distance when
water-pressure is permitted to act within the box. On this

little ram is placed the test-piece, a ball-and-socket joint being

interposed in order to allow the upper surface of the test-piece

to assume the horizontal position required. The baU, which

in this machine is usually five millimetres in diameter, is held in

a steel block attached to the bridge which spans the apparatus.

Through this steel block, however, three steel pins or " feelers
"

project. In their position of rest these project just far enough

to be level with the lowest point of the baU. When, therefore,

the small ram is set so as to bring the upper surface of the test-

piece just into contact with the baU, the three feelers will also

just touch the surface of the test-piece. These three feelers

communicate with a small piston which works in a small

reservoir of mercury. If the piston is pushed up by a move-

ment of one or several of the feelers, it displaces a small amount
of mercury, and this mercury is thereby pushed up into a fine

capillary tube which runs up the central column of the instru-

ment. The height of the mercury in this tube, indicating the

position of the feelers, can be read o£E on the scale of the

instrument. If now a known pressure is applied and measured

by means of the delicate manometer attached to the hydraulic

chamber, the ball is forced into the test-piece, and the upward
movement of the test-piece is communicated to the three

"feelers," which are driven upwards from their zero position.

The mercury rises in the scale to a corresponding extent. This

rise, however, so long as the water-pressure is acting, measures

not only the actual depth of the indentation, but the total

elastic deformation or " spring " of the whole machine. When
a reading is to be taken, therefore, the water is allowed to

run slowly out of the pressure chamber and the mercury is

watched. For a time it runs down steadily, as the release

of pressure allows the machine to recover from its elastic

strain. Then a point is reached where the mercury remains

stationary for a short time, and this reading gives the

true depth of the indentation ; after a short period of rest

the mercury runs down rapidly, following the descent of
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the ram as the test-piece is lowered out of contact with

the ball.

Several other types of apparatus have been devised for

accomplishing much the same object, and particularly one (of

Swedish make, by the Aktiebolaget Alpha) is very satisfactory

and is widely used. It differs from the Martens type in that

the load is applied by weights and not by water-pressure.

This latter machine is also intended for the execution of a

somewhat different form of the test, in which a conical point of

hardened steel is used in place of Brinell's ball for the purpose of

producing the impression. Since it appears to be possible to

prepare these cones with a sufficient degree of accuracy to secure

consistent results, and there are some advantages in calculating

the result from the conical indentation, this method—originated

by Ludwik (^), of Vienna—^is finding considerable support.

Various instruments for determining the " scratch hardness
"

of metals have been constructed, but these appear to be of

interest rather from the mineralogical than from the metallurgi-

cal standpoint. The Turner (*) " sclerometer " is an example

of an instrument intended for measurements of this kind, while

Martens has also designed an appliance for this purpose.

Of more importance from the present point of view is a small
" hardness " testing instrument known as the Shore " sclero-

scope "
C). In this appliance a small steel weight or " hammer"

is dropped upon the surface under test ; the little weight is kept

to a true course by falling down a glass tube in which it moves

with little friction. The lower end of the weight is provided

with a sharp point ; at first the point was made of hardened

steel, but more recently a diamond point has been adopted.

The " hardness " on the scale of this instrument is measured

by reading off the height of rebound which is obtained. If the

falling weight made no indentation on the surface, the height

of rebound would be a measure of the elastic properties of both

the weight and of the material under test ; actually however,

the weight always indents the surface, and thus does a small

amount of work on the material under test. This amount of

energy is, of course, abstracted from the kinetic energy of the

falling weight, and the height of rebound is reduced to a corre-
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spending extent. This reduction, however, should not be

regarded as being deducted from the height from which the

weight was originally dropped, but from the height to which

it would have rebounded if no indentation had been made, i.e.,

if the weight had possessed a fairly large flat or shghtly rounded

end instead of a sharp point. The actual height of rebound is

thus a function of the elastic properties (known as the
" coefficient of restitution "), the frictional resistances and the

work done in displacing a very small amount of the metal under

test. It will thus be seen that the " scleroscope " measures a

very complex function of different properties, into which one

particular form of " hardness " merely enters as one factor.

This hardness, moreover, is not the same property as the

Brinell hardness, since in the scleroscope the indentation is

made under a sudden impact and not under static pressure.

Nevertheless, the two sets of determination show a considerable

amount of agreement, although there are many cases where the

scleroscope gives entirely erratic results. These arise particu-

larly if it is attempted to apply it to small or thin specimens

of metal, or if care is not taken to let the faUing weight strike

the test-surface a perfectly normal blow. The general criticism

of the " scleroscope " just given is strongly confirmed by the

circumstance that individual instruments are by no means
interchangeable, and that, although they place materials in

roughly the same general order of " hardness," they do not

give strictly comparable readings. The uses of the instrument

are, therefore, principally confined to comparative testing, and

particularly to exploring the whole surface of a specimen of

metal with a view to detecting variations of " hardness " in

different parts.

We now turn to a brief consideration of that class of mechani-

cal test known as " dynamic," in which the test-pieces are

exposed to the actions of forces which vary more or less rapidly

with time. The need for some test of this kind probably arose,

in the first place, from the fact that materials which had given

perfectly satisfactory results under the ordinary tensile test

had yet failed or behaved unsatisfactorily in service ; more

frequently still the reverse order is followed and materials which
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have failed in service are found on subsequent testing to show

nothing abnormal under ordinary static tests. The conviction

has thus arisen—and it is probably quite justified—that

" strength " as measured by a tensile test is not the only pro-

perty involved in the power of a metal to resist destruction

under service conditions, and that the power of resisting a

steady load is not necessarily identical with, or even propor-

tional to the power of resisting shocks or alternating loads.

The fundamental discovery in this field is due to the work of

Bauschinger {^) and of Wohler ('), who worked out methods of

of testing metals under alternating stresses. Wohler dis-

covered the phenomenon now generally known as " fatigue " in

metals, by showing that loads which were not sufficient to

produce more than a moderate amount of permanent " set

"

or extension in a piece of metal if applied and allowed to remain

in continuous action for an indefinite period, were yet sufficient

to produce fracture if applied in an alternating manner, i.e.,

if the stress were applied and removed at frequent intervals,

or—more markedly still—^if the stress were alternately applied

in opposite directions, i.e., a tension alternating with a compres-

sion. This subject has been very fully worked out since

Wohler's and Bauschinger'a original work, and although the

results obtained and the conclusions arrived at will be dealt

with as fuUy as our space permits, it is not possible to follow

the history of the subject. For the moment we are primarily

concerned with the methods of applying alternating and other

" dynamic " stresses in the form of tests or experiments, and

with the nature of the data obtainable by such means. To a

very large extent the inner mechanism of the processes involved

is now well understood, but the explanations of the phenomena
which metaUographic research has revealed cannot well be

dealt with until the general effects of strain on the micro-

structure of metals has been discussed. This is done in

Chapter XL
The form of alternating stress test adopted by Wohler was

that of a bending test, and, although necessarily attended

with all the difficulties and disadvantages already mentioned

in relation to static bending, this form of experimental arrange-
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ment still holds its own as one of the most satisfactory and
consistent ways of making a test of this sort. The apparatus

is extremely simple in principle ; a cylindrical bar or rod of

the material is held at one end in the jaw of the testing machine,

which in this case may be simply the chuck of a heavy lathe

or some similar arrangement by means of which the test-bar

may be rotated about its own longitudinal axis at a steady

rate—speeds up to 1,000 revolutions per minute are employed.

The free end of the test-rod is then loaded in some simple

manner with a known weight or pull ; this may be applied

either in the form of a dead weight or by means of a suitable

spring. In any one position the test-bar is thus made to

act as a cantilever, the upper side of the bar being placed

under tensional stress

while the lower side

is in compression . The i

—
' r-, -L

arrangement will be

quite readily under- ^~\
~J

stood from the dia-

gram of Fig. 91.

When the bar is re-
|

Volved, each side in ^^^ 91.-Diagram of the WoWer Test.
turn becomes first the
" upper " and then the " lower " side, so that any given

portion of the bar is exposed to alternate tension and

compression once in every revolution. It is true that the

maximum stress is only experienced by the outer layers of

the material of the bar, but this hmitation is inherent in

all bending tests, as has already been indicated. The prin-

cipal difficulty in carrying out tests of this kind—generally

known as "Wohler" tests—^lies in securing the absence of

vibration from the test-bar and the weight or spring by which

it is loaded. If vibration occurs, the working stresses in the

test-bar may become very much larger than those calculated

from the bending-moment of the applied load, and the results

of the tests thus become valueless. In the latest machines

designed for this purpose, however, vibration has been very

largely eUminated, and they accordingly yield very fairly

P.M. Q
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consistent results. Some reference is reqmred, however, to

the way in which such results should be interpreted.

An apparently simple way of testing the relative value of

various materials as regards their power of resisting " fatigue
"

stresses

—

i.e., alternating stresses—would seem to be that

of exposing test-bars of equal size to the same bending-

moment and the same rate of rotation and then simply to

compare the number of revolutions required to bring about

fracture. For reasons which wiU be better elucidated when

the internal mechanism of failure under fatigue comes to be

discussed, such a method yields results which, even for purposes

of comparison, may be quite misleading. It does not in the

least follow that because at one particular stress one material

wiU break only after 400,000 revolutions, while another fails

after 150,000, that the first is really superior to the second in

power of resisting fatigue. The number of reversals of stress

required to bring about failure, once the process of break-

down has begun, is a measure rather of the rate at which the

material fails than of the stress required to initiate failure.

For practical purposes, however, as weU as from the scientific

point of view, the fact which it is desired to ascertain is the

intensity of stress which the material will resist indefinitely

—

the so-called " safe range of stress." Once this range is

exceeded, failure will result, and the rate at which it occurs

is of minor importance—in a rotating shaft in actual service,

for instance, a power of enduring even many millions of reversals

before failure would be of httle more value than the power of

enduring a few hundred thousand reversals only ; failure would

occur in both cases, and the advantage of a sUghtly longer

life would be small. If, however, the true safe range is once

determined, then shafts and other parts can be so designed as

to remain well within this range, and failure from fatigue

will thereby be entirely excluded. At first sight it would

seem difficult to determine the true safe range in any simple

manner, but research has shown that this determination is

really a fairly simple matter. It is only necessary to carry

out a Wohler or similar alternating stress test under at least

three, but preferably four, different intensities of loading,
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so chosen that under the heaviest loading the test-bar breaks

after a few thousand reversals, the subsequent loadings being

diminished in such a way that under the last—and hghtest

—

loading the bar either does not break at all or only does so after

I
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Number oT Reversals Endured before Fracture, in Hundred-

Thousands.

Fig. 92.—Alternating Stress Test Curves for two Materials.

several million reversals. The results thus obtained are then

plotted with the number of reversals endured as abscissae and

the intensity of the stress as ordinate. It is found that the

points so plotted he on a curve of parabolic form which tends

to become parallel to the axis as the intensity of the stress

diminishes. The horizontal asymptote of this parabola is

q2
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the limit of the safe range of stress to which the material may
be exposed indefinitely under reversal, without risk of failure

through fatigue. In Fig. 92 are shown the plotted curves for

two materials having different limits of safety in this respect

;

it will be seen that the two parabolic curves cross one another,

so that, if compared by their behaviour under a somewhat

severe loading, the worse material would actually appear to

have the better endurance. The necessity for carrying out

such alternating stress tests in the manner indicated above, by
determining the parabolic curve of resistance and the safe

" range," must, therefore, be strongly emphasised. Com-
parisons by tests made under a single intensity of loading are

very likely to be misleading and should be entirely avoided.

The objections which apply to the Wohler method, involving

the use of cantilever or beam under bending stresses, have long

Fig. 93.—Diagram of Testing Machine for Reversals of Direct Stress.

been recognised, and special machines have been devised,

notably by Osborne-Reynolds (i") and by Stanton (^i), with

the object of applying direct reversals of stress, i.e., reversals

of simple tension and compression to test-pieces of metal.

The principle adopted in one type of such machines is illustrated

diagrammaticaUy in Fig. 93. A revolving crank, 0, and
connecting-rod, R, operate the reciprocal movement of a

cross-head, H, in guides. The cross-head, H, is made fairly

Hght, but attached to it and moving with it is a mass, M,
whose magnitude can be adjusted. This mass, M, moves in

the same guides as the cross-head, H, but is connected to that

cross-head by means of the test-bar, B. The action of this

apparatus on the test-bar is of a very simple kind. When the

crank is near the top of its stroke, the cross-head and mass, M,
are in the mid-position and are moving outwards or inwards
at the maximum velocity. As the crank revolves further, the
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outward speed of the cross-head diminishes and the change
of velocity is transmitted to the moving mass, M, through the

test-piece. The effort to arrest the motion of M and to reverse

it in a given time involves a definite maximum tensile stress

in the test-piece, and this maximum tensile stress can be cal-

culated with considerable accuracy. When, on the other hand,

the mass, M, is moving inwards, i.e., towards the crank C, and
that end of the stroke is approached, the motion of M has again

to be reversed by the action of forces transmitted through

the test-piece, and it will readily be seen that in this case the

stress in the test-piece will be a compression. Owing to the

effect of the connecting-rod it is not easy to secure exact

equaHty between the maximum tensile and the maximum
compressive stress , thus alternately apphed to the test-piece,

but in the latest machines of this type the ratio between the

two is 0-96. In the actual machine, a number of units such

as that indicated in the diagram are arranged on a single

crank-shaft, as, in order to avoid excessive vibration, it is neces-

sary to balance the various moving masses.

Alternating stress tests made in this machine—again

yielding a series of figures from which the parabolic curve can

be plotted as from the Wohler tests—have the great advantage

that the material under test is exposed to simple homogeneous

stresses and not to mere maximum fibre stresses. The tests

are, therefore, at once more searching and also more likely to

give a fair idea of the average behaviour of the material. On
the other hand, the machines are costly and complicated,

there are many parts moving at high speeds, and the whole

apparatus is liable to get out of order. Further, continued

comparison appears to show that if the Wohler test, on rotating

cantilever specimens, is carried out under the best conditions

there is Mttle difference between its results and those of the

direct alternating stress machine.

In this connection it is interesting to point out that in the

Wohler rotating cantilever test it is possible so to arrange

matters that the test becomes one of alternating ^ shear

' Strictly speaking, the shearing stresses developed in a cantilever

rotating under a load so arranged as to produce pure shear do not
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instead of alternating compresBion and tension. In a canti-

lever loaded at one end there is a total shearing stress at every

section equal to the load divided by the cross-sectional area.

If the cantilever is long, the load required to produce a given

fibre stress at the " fixed " end is small, and the shearing

stress correspondingly small also. If, however, a heavy load

is appMed quite near the fixed end, then the resulting bending

moment, and the corresponding compressions and tensions

are small, while the shearing stresses are heavy. In this way
the Wohler test can be converted into an alternating shearing

test, but results of such tests are not jet available for discus-

sion. Alternating torsion, also, is a form of test which does

not appear to have been worked out, although from the sim-

plicity of the stresses involved it should offer promising results.

Up to the present, however, although the test has been

suggested, the author is not aware that a machine for the

purpose has yet been designed.

The obvious disadvantage of the alternating stress tests

just described is the circumstance that they occupy a some-

what long time. Even if the machines are run at high speeds,

as, for instance, at 1,000 revolutions per minute, a test-piece

requiring a miUion reversals for failure would occupy the

machine for 1,000 minutes, or sixteen hours forty minutes,

and at times specimens require runs of three or four times

that duration. To obtain a reliable result, as has been
emphasised above, at least three, and preferably four, test-

pieces must be broken. In the hope of avoiding this loss of

time a number of tests, intended to be " alternating stress
"

tests, have been devised from time to time with the object of

bringing about fracture under alternating treatment after a
comparatively few reversals. Now whether these be done

" alternate " between maximum values in opposite directions, passing
through a zero value. The actual shearing stress on the cross-section
of the test-bar is constant in amount, the sole result of the rotation
being to rotate the direction of the shear in regard to the material, so
that for a given elemeat of the cross-section it is only the shear in any
given direction that is truly alternating, but there is a shearing stress

acting at the maximum value in some direction at each instant—^this

direction only becomes vertical, for instance, twice in each revolution.
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slowly by hand, as, for instance, in the Sankey (^^) machine,
or rapidly by a machine, as in the " Arnold " (i^) test, the
result is the same—they are merely very much exaggerated
Wohler tests lying very close to the one end of the parabohc
curve to which we have repeatedly referred. Even if the

tests themselves give reliable and intelligible results, they do
not afford a valid measure of the real power of enduring
alternating or vibratory stresses, and two materials may
easily be classed in one order when compared at a single arbi-

trary point of the curve, which would be placed in the opposite

order if the complete curve had been traced. These tests are

striking examples of attempts to shorten the time factor while
" imitating practical conditions," and of the consequent

errors resulting from the departure from the condition of

similarity. From this point of view, therefore, these tests

caimot be regarded as satisfactory, but this conclusion need

not imply that either of these tests, or others of a similar type,

may not possess a certain range of special utihty for particular

purposes. Thus the Sankey machine has the advantage that

it can be worked by hand and can, therefore, be used where more

elaborate apphances are not accessible, and it undoubtedly

affords a means of comparing various batches of material which

are intended to be of identical quaUty. For such comparisons

of very similar materials, whose curves of resistance would be

very similar to one another, the Arnold test would also prove

useful. This machine, in which a bar of the material is forcibly

bent backwards and forwards through a distance equal to one-

eighth of its length, has also the special feature that alternate

bending is accompanied by a good deal of shock and vibration.

Neither the stresses applied to the metal, however, nor the

amount of shock or impact involved, are known or measured,

so that the test becomes one of mere bending through a com-

paratively large angle and counting the number of times that

a specimen wiU stand this violent treatment. The stresses

actually appHed must vary enormously according to the stiffness

of the material, so that inter-comparison of widely different

metals by this method yields results which it is difficult to

interpret.
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The test which has just been briefly discussed is of a some-

what intermediate type between the true " alternate stress
"

tests in which the material is exposed to gradually increasing

and decreasing stresses, even though the number of reversals

per minute is as high as 1,000, and the other class in which

the stress is definitely appKed as a blow. The adoption of

these " impact " tests is based on the view that the physical

properties which are involved in resistance to static or slowly

applied forces are fundamentally different from those involved

in resistance to sudden blows or shocks. The study of the

whole subject has not yet gone far enough to make it possible

to decide definitely whether this is really the case or not.

The feehng that such a difference exists has undoubtedly

arisen from the circumstance that materials whose tensile

test results—^taken in the ordinary commercial way—were

excellent, yet failed in service under the action of continual

shock or vibration. To some extent these apparent discre-

pancies may be explained partly by the fact that the tensile

properties had only been very superficially studied, and partly

also by the circumstance that the mechanism of failure by
"fatigue " is even yet not as fully reahsed as it should be by
those who have to test and handle large quantities of metal.

In consequence of this lack of appreciation they are apt to

be surprised at results in service which are really quite con-

sistent with good test figures. In the author's own experience

of the investigation of a very large number of cases of materials

which have failed in service, cases are very rare—^if they occur

at all—^in which impact tests have revealed a weakness which

could not be traced in an exhaustive tensile test. None the

less, there is one good ground for believing that resistance

to impact may be different in nature from resistance to static

stresses ; this lies in the circumstance that the nature of the

fracture produced by impact is, in most cases, widely dif-

ferent from that produced by tension or torsion. How
far this difference is incidental or really fundamental has

yet to be proved. Meanwhile, if there is any possibility

that impact tests may reveal properties of metals not

otherwise ascertainable, the active pursuit of these tests is
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fully justified, and even negative results will be well worth

establishing.

The simplest of the impact tests is the " single blow " test,

such as that of Charpy (^*). The majority of such tests which

have been hitherto carried out, however, suffer from the fact

that their conditions are not sufficiently simple. In order to

obtain fractures with a machine of moderate dimensions

relatively to the test-piece used, Charpy, Izod (**) and others

have adopted a test-piece which is broken by bending, and, in

addition, their test-pieces are notched in such a way as to

locaHse the fracture. In spite of

these efforts, in the Izod machine,

the test-pieces are frequently

simply bent over and not com-

pletely broken. The importance

of this point wiU be realised when
it is pointed out that these tests

aim at determining the " specific

work of rupture " in foot-tons or

kilogramme-metres. The manner
in which this is done in the Izod

impact tester is shown in the

diagram. Fig. 94. The notched

test-piece, T, is held in a sub-

stantial vice attached to i he base

of the machine. A heavy pen-

dulum, P, fitted with a suitable striking edge in line with its

own centre of gravity, is allowed to drop, by means of a trigger,

from a definite height. It strikes the test-piece, either breaking

it off or bending it out of the way, and then swings on past

the zero. The height to which it would swing if no obstacle

had intervened is, of course, readily determined, and with this

is compared the height actually reached, which is indicated by

means of an idle pointer on a dial which is pushed up by the

moving pendulum. The scale is read off in foot-pounds of

work absorbed by the fracture, but the figures found for a

series of test-pieces from the same bars of steel vary widely

and erratically, so that the machine can only be employed

Fig. 94.—^Diagram of Izod's
Single-Blow Impact Test-
ing Machine.
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to detect somewhat wide variations in the " work of

rupture."

The Charpy machine is decidedly superior in certain impor-

tant respects ; in it also the blow is struck by a heavy pendulum,

and the work absorbed is measured by the reduction of the

upward swing of the pendulum after the fracture has been made.

In this machine, however, the test-piece is a short beam,

and not a cantilever. It can consequently be allowed to rest

simply on two massive supports, and no recourse need be had

to mechanically " fixing " one end of the test-piece. In view

of the violence of the blow struck in these machines, such

fixing must always be open to doubt, as any power absorbed

by the shghtest " give " or movement in the fixing would be

abstracted from the pendulum and placed to the credit of the

test-piece. But, even apart from the questionable use of the

notch, the Charpy machine possesses certain defects. The

blow of the pendulum is not solely employed in breaking the

test-piece at the notch. Some distortion takes place in the

test-piece as a whole, and there is a visible indentation at the

points of support and where the pendulum itself strikes the

metal under test. Researches directed to investigating

whether results obtained with machines of the Charpy type

were independent of the exact dimensions of machine or of

test-piece have shown that the law of similarity does not hold

generally for these tests (^®). From that point of view they must,

therefore, be regarded as unsatisfactory—it foUows that they

must measure, not a single definite, more or less isolated property

of the material, but a complex function of several properties

and conditions whose relative action is not yet understood.

In order to overcome these difficulties met with in the Charpy

type of bending single-blow impact tester, efforts have recently

been directed to the development of the direct tension single-

blow impact test. For this purpose, particularly if test-

pieces without a notch are to be employed, relatively very large

and heavy machines are needed, but the results already attained

promise to justify the adoption of such a test very thoroughly.

In this case the law of similarity appears to hold, and the data

of such tests may be confidently expected to yield extremely
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valuable information. The machines themselves are very
like those of the Charpy type

—

i.e., the blow is struck by a
heavy pendulum falling from a known angle, and the power
absorbed by the test-piece is measured in terms of the retarda-

tion of the pendulum. The supports for holding the test-piece

and the striking face of the pendulum are so arranged that, by
means of heavy yokes, the test-piece is broken in direct tension.

An additional and valuable modification consists in attaching

the test-piece, not to a " fixed " support, but to a heavy
" anvil " pendulum. This is set in motion by the blow, but

the amount of this motion is measured and the power absorbed

thereby deducted from that with which the test-piece is

credited.

The apphcation of other simple stresses by impact has not

as yet been attempted, although from the fundamental prin-

ciple of isolating individual properties in our specific tests it

would seem that certain other impact tests should offer an
interesting field for inquiry. Pure compression could not well

be applied owing to the same order of difl&cultieB which arise

in static compression tests ; there would be the further difficulty

of measuring the amount of work absorbed by a compression

test-piece, since fracture could not be produced in anything

but brittle materials. On the other hand, the possibihties of

shear and torsion impact tests are well worth consideration.

In the case of shear, the difficulty of estimating the amount
of energy absorbed in any local crushing which might occur

would undoubtedly affect the results, but in the case of torsion

no special difficulties present themselves. An apparatus could

readily be devised in which a ma;Ssive fly-wheel revolving at

known speed is suddenly fastened to the enlarged end of a

torsional test-piece by means of some suitable form of clutch

—

a magnetic clutch, for instance, would answer the purpose.

The torsional test-piece would be broken and the speed of

rotation of the fly-wheel diminished by an amount which could

be readily measured, thus affording a measure of the power

absorbed by the fracture of the test-piece.

We now turn to the last class of impact tests—a class to

some extent intermediate between the fatigue or alternating
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stress tests and the single-blow impact tests. These are the

repeated-blow impact tests. In these the conditions in so far

resemble those of the alternating stress tests that repeated

application of the load is required to bring about fracture, and

in most cases the blows are so arranged as to throw a given

portion of the test-bar alternately into tension and com-

pression. The test-pieces are, therefore, placed under alter-

nating impact stresses. In the machine devised by Stanton (}''),

a tup or hammer of known weight is allowed to fall upon the

test-bar from a known height ; by a system of linkage and cams,

the test-bar is rotated through 180° while the tup is being

raised, so that when the tup falls again it strikes the side of the

bar opposite to that which it struck at the previous blow. The

test-bar itself is a cylindrical rod provided with a V groove or

notch at the point where the blows of the tup strike it. The
blows thus tend to bend the bar and, after a sufficient number

of blows, a crack is developed at the bottom of the notch, and

this rapidly spreads through the material until fracture occurs.

In many ways this test shares the characteristics of the

Wohler test, and probably the only correct method of inter-

preting its indications would be to determine the curve con-

necting the energy of the blow with the number of blows

endured, and thus finding the maximum safe blow for a given

material and cross-section. Comparison of materials, unless

of extremely similar type, on the basis of the number of blows

of a given intensity required to produce fracture, is very

arbitrary and likely to be misleading. Single tests of this kind

do not imitate any practical conditions, nor do they determine

any definite physical constant of the material, so that their

value is confined to direct inter-comparison of materials which

must, in their essential properties, be comparable if the test is

to be fairly applicable to them.

Reference has been made to the fact that in a number of

tests, particularly of the dynamic kind, " notched " test bars

are employed. The object of employing notched bars is

principally to secure that fracture shall occur in a definite

place and in a definite manner ; the notch has, however,

several serious disadvantages. In the first place, at the
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bottom of a sharp notch there is a very marked intensification

of stress, as has recently been shown in a very beautiful manner
by the optical method of Coker (")—and, indeed, this fact

has long been recognised. The grooves employed in notched-

bar testing are not intended to be sharp and are generally

specified to possess a standard radius at the bottom. The
standard dimension and shape at the bottom of a deep saw-cut

or V notch, however, is not at all easily attained or adhered to,

and a small irregularity may cause an entirely dispropor-

tionate error in the result. A still more serious disadvantage

of the notched bar is the circumstance that it confines the test

to one cross-section or, in some cases, even to a single line of

the material. Now in such a case the test may fail in its object

of ascertaining a physical property of the metal in several

ways. In the first place, if the structure of the metal varies

on a somewhat large scale—and variations of this kind are

met with in commercial materials—there may be sections

away from the notch which are materially weaker than the

particular section at which the notch has locahsed the fracture.

Further, the result of the whole test will necessarily depend

upon the stress at which fracture begins in the extreme fibre

lying at the base of the notch. Now many materials are made
up of two constituents of widely different strength and ductility,

while in many others there are alternating bands of relatively

pure and impure material—such as the " phosphorus banding "

of steel to be described below. If it so happens that the notch

ends in a favourable layer, the test-piece will give a much
higher value than it would do if the notch had been carried

perhaps a tenth of a milHmetre further into the metal. In

view of these considerations it is not surprising to find that all

notched-bar tests are apt to vary somewhat capriciously ; on

the other hand, the practical convenience of the notched bar

for many forms of test is so considerable that its use is likely

to persist in spite of these disadvantages.

An interesting comparison of the relative meaning of various

kinds of mechanical tests becomes available in cases where a

whole series of alloys, all similar in type, but covering a very

wide range of mechanical properties, have been systematically
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Fig. 96.—Diagram showing Comparative Results of various Tests

applied to a series of Alloys. (Zinc-Aluminium.)
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subjected to a great variety of tests. An example of this kind

is offered by the investigation of the alloys of aluminium and
zinc contained in the Tenth Report to the Alloys Research

Committee of the Institution of Mechanical Engineers by the

author and S. L. Archbutt. The results of the various tests,

referred wherever possible to material of strictly comparable

kinds, are shown in Fig. 95, which is a graphical summary of

the results of all the tests applied. The ordinates of the various

curves there shown differ, of course, from one curve to another,

so that no comparison of absolute values can be made ; the

curves are all plotted to the same scale of chemical composition

of the alloys, i.e., percentage contents of zinc, so that the

shapes of the curves are strictly comparable. It will be seen

at once that the curves of alternate bending impact, static

elastic limit and ultimate stress all rise steadily with increasing

zinc content ; the yield-point curve shows a curious dip before

it takes the upward course, and this is balanced—and con-

firmed—by the corresponding hump on the curve of elongation

in the tensile tests. The alternating stress curve

—

i.e., the

curve of half the elastic range—also rises steadily, although

slowly, with increasing zinc content. The ductility curves, on

the other hand

—

i.e., " reduction of area " and, after a pre-

liminary " hump," the elongation curve also—^fall markedly

with rising zinc content. It is interesting to note that the curve

representing the Arnold alternate bending test practically

follows the ductihty curves, also falling steadily towards the

right. The most remarkable curve, however, is that of the

single-blow impact tests (Izod), which rises to a definite

maximum and then falls, thus indicating that this test takes

account of the combination of strength with ductihty. These

curves are shown here as an Ulustration of the manner in which

it is desirable that the various methods of test should be

systematically correlated in order to enable us to form a correct

judgment of their relative values and modes of interpretation.
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CHAPTER XI

THE EFFECT OE STRAIN ON THE STRTJCTITEE OF METALS

Having in the last two chapters reviewed in general terms

the methods of measuring the resistance of metals to various

forms of stress, we have now to consider the relationship which

exists between the mechanical properties of metals and their

internal structure and constitution. We wUl best approach

this subject by seeing how the internal structure of a metal

is afEected when the metal is subjected to strain

—

i.e., when its

shape or dimensions are altered as a result of the application

of stress. We shall follow the same plan as in earUer chapters

of this book and begin by considering the simplest variety of

metal from the structural point of view, viz., a simple pure

metal, and by considering its behaviour under a simple kind

of stress, viz., tension.

The obvious way of attacking this question is by the examina-

tion, under the microscope, of specimens cut from a previously

strained piece of a pure metal, such as a broken tensile test-

piece. If this is done for any simple metal, such as the purest

obtainable iron, the structure is seen to be very markedly

changed from what it was before straining. An example is

shown in Fig. 96, Plate XIX., which represents strained Swedish

iron. The irregular but approximately equi-axed polyhedral

crystals of the original material are found to be replaced by

elongated grains exhibiting considerable lengthening in the

direction of tension. This altered structure could be accounted

for by simply supposing each of the original crystals of the

metal to have become elongated in much the same manner as the

whole bar has become lengthened during the test. But then the

question arises, what are these elongated grains—are they still

crystals ? The answer is that they exhibit all the essential

features upon which the conclusion is based that the grains of

the unstrained metal are true crystals ; there is the uniformity

P.M. R
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of etching, indicated by the boundaries developed on etching,

and the oriented lustre which indicates uniform crystalline

orientation throughout each of these elongated areas. Etching-

figures can also be obtained which lead to the same conclusion.

It would seem, then, that the crystals of a simple ductile

metal, when that metal undergoes plastic or permanent

extension, are themselves elongated while yet retaining the

essential character of crystals. How can a crystal become

elongated while yet remaining essentially a crystal ? The

fundamental difficulty implied in this question lies in the some-

what natural association of the term " crystal " with hard

and brittle materials, such as salt or sugar or rock crystal

;

this association is, however, purely accidental and due solely

to the fact that the crystals most commonly and readily

observed are those of brittle substances.

The manner in which the constituent crystals of a simple

metal undergo extension is conveniently observed by preparing

a small test-piece, best, perhaps, in the form of a strip of sheet

metal, and polishing and etching one of the flat sides of this

piece. Under the microscope it then exhibits the familiar

polyhedral structure. By means of a special little straining

machine, actuated by a screw, such a thin strip of metal can be

readily subjected to plastic extension while its surface is kept

under constant observation (^). What is observed in these cir-

cumstances is as foUows : so long as the metal remains in the

elastic stage, or rather until the yield-point is reached, there is

no visible change in the appearance of the surface ; elastic

extension produces no visible effects under the microscope.

As soon, however, as the yield-point is reached and plastic

or permanent deformation occurs, definite changes are seen

to take place on the surface observed under the microscope.

Across the previously plain white faces of the crystals fine

black lines appear, at first in isolated groups, but in steadily

increasing numbers until the surfaces of the crystals are cross-

hatched with fine black lines. In iron or very mUd steel these

lines appear to be curved, irregular and branched, but in such

metals as lead, tin, silver, gold, etc., the lines are very straight

and regular. The appearance of these lines is illustrated in
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Fig. 97.
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Figs. 97 to 101 . Figs. 97 and 98, Plate XX., show the same field

of view, in iron, before the commencement of straining and after

a considerable amount of plastic strain has taken place. Figs. 99

and 100, Plate XXI., show the black lines in lead (at 150 and

1,000 diameters respectively), and Fig. 101, Plate XXI., in

nickel steel. If the process of straining is carried further,

the number and apparent width of the black lines increases

until they form a very close network, which becomes confused.

As fracture is approached this confusion leads to a general

roughening of the surface, which prevents sharp focussing with

the microscope, but, even

close to a tensile fracture, the

lines can be seen in very large

numbers crossing one another

in various directions.

The true nature of these

lines is now well understood,

and is summed up in the name
" slip bands " which is given

to them. Their origin lies in

the fact t£aFj£hen.-aujCEX§t5;l

of a ductile^nietaLisiorcibly

altered in shapej._it_adapts

itself to thenew^configuration

iropiMed u.ponit }>y- a process

of sliding or slipjaduabu^&ccurs

certain_oLJfcs- crystaJlogriaEMc planes

A. Before Strain inq.

B. AFter Straining.

Fig. 102.—Diagram of the Forma-
tion of Slip Bands.

._^ ^ The manner in

which this occurs is well illustrateoBy the behaviour of a pack

of cards, or of a pile of books, when the pile is distorted

—

the shape of each individual card or book remains unchanged

but the shape of the pile is changed by the sliding of the

individual cards or books over one another. The process

may be made clearer by the diagram of Fig. 102, which is

intended to indicate in a very approximate manner the condi-

tion of a cross-section of two adjacent crystals before and after

plastic straining. The upper sketch represents the unstrained

crystals, whose smooth upper (polished) surface is indicated by

the line ABC—^the step at B is the slight difference of level

B 2
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between adjacent crystals formed as the result of etching ; the

boundary between the crystals is represented by the full hneBD

,

while the potential planes of gliding or sHp, differently oriented

in each crystal, are indicated by the dotted lines. After

straining, sHp has taken place on some of these slip-planes,

and minute steps have consequently been formed in the surface

at the points marked s, s, s in the lower figure—these steps will,

of course, slope in different directions in different crystals.

Seen from above, by normal illumination, these short, steep,

sloping surfaces will appear simply as narrow black lines. The
reason for this appearance is at

once explained by reference to

the sketch of the paths of rays

of light coming from a micro-

scope objective on to such a

stepped surface, as shown in

Fig. 103. The vertical rays which

strike the flat surfaces between
the crystals are reflected back

directly into the objective, and
these surfaces consequently ap-

pear bright ; those rays, how-
ever, which strike the sloping

surface of the step—^the " slip

band "—will be reflected away
from the microscope, and the

steps will, therefore, send no light into the objective, and will

appear black in the field of view.

The optical characteristics just described afford a very
striking demonstration of the fact that " slip bands " really

are of the nature of steps, as indicated in the diagram of Fig. 103.

While rays of light falling normally on these bands are reflected

outwards, conversely, rays falling obHquely on to such sloping

surfaces will, if the angle of incidence be properly adjusted, be
reflected into the lens of the microscope ; at the same time,

obhque rays falhng on the smooth flat areas between the steps

will pass outside the microscope objective. When, therefore,

a crystal on whose surface slip-bands have been developed is

Fig. 103.—Diagram illustrating
the Optical behaviour of
Slip Bands.
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illuminated by a beam of oblique light at a suitable angle, the

elip-bands should appear as bright lines on a dark background.

This is actually the case, as is illustrated in Figs. 104 and 105,

PlateXXII., which show the same field of view as seen by normal
and obUque lighting.

Still more conclusive, if possible, than this optical evidence

is the demonstration of the nature of shp-bands which has been

obtained by the author by means of actual cross-sections of a

surface on which slip-bands had been developed. The difficulty

in obtaining such a cross-section lay not alone in the minuteness

of the surface features looked for, but also in the fact that, when
a specimen is cut and polished, the edges of the surface are

always more or less damaged and rounded off. Sharp images

at high magnifications, therefore, could not be obtained by
simply cutting a previously pohshed and strained specimen

through at right angles to the original surface and then poUshing

the cross-section thus obtained. The author overcame this

difficulty by first coating the surface on which slip-bands had

been formed with a thick layer of electro-deposited copper.

When subsequently a section was cut through the compound
mass—in this case of iron and copper—the boundary on this

section, between copper and iron, gave the exact outline of the

section of the original surface. When observed at a high

magnification, such a section shows the slip-bands as true,

though minute, steps. The appearance, under a magnification

of 1,200 diameters, is shown in Fig. 106, Plate XXII., and it will

be seen at once how the outline there seen corresponds with the

outline of the lower figure in Fig. 102. It is of interest to note

that the approximate depth of the minute slip-band steps seen

in Fig. 106 is ^hJtjo o^ ^^ inch, which is about the length of a

wave of sodium (yellow) light {^).

If we realise the true nature of this phenomenon of deforma-

tion by slip, we see at once that it throws a flood of light on the

behaviour of metals under stresses sufficient to bring about

plastic strain. If such plastic strain occurs solely by slip, then

the truly crystaUine nature of the metal should remain un-

altered by the straining process. We have already seen that

strained, i.e., elongated crystals, stiU exhibit the essential
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characteristics of crystals, so that, broadly speaking, this

generalisation is correct. J^t there are a whole series of other

phenomena connected Avith the proceWTi^pl'astic strain which

T;^^ul3r~be^xtreniely_djS^^5Tor~e'xplain _sagiIactoriIy~OTi any

theOTywliich.j:eqmrfid.±he structure of nietaHoremamperfectly

..iSEystalliHtej even when very severely strained. The^rarcum-

stance that a metal is hardened by strain, in the sense of having

a much higher yield-point and Hmit of elasticity, and even a

higher breaking stress, is one of these facts. These circum-

stances have led the author to adopt a view put forward in the

first place by Beilby (^), to the effect that while plastic deforma-

tion—and although we have merely discussed its occurrence

in connection with tensile strain, its nature and mechanism is

the same whatever the system of forces which have brought it

about—takes place by shp on the gliding planes of metaUic

crystals, yet that the act of slipping is accompanied by some-

thing further. Just as the rubbing action of poMshing produces

on metal surfaces a thin layer of altered, amorphous material,

so we may well expect that the sUding oyer one another of

adjacent shp,suja[aces jgill produce^ajocal disturbance of mole-

cjaiaJL-anaoggm^nt. If the slip is sligE5r~then-ilrpfobably

happens that this derangement is also sKght and temporary

and that the disturbed molecules are stiU able to rearrange

themselves pretty much in their original system. In such a

case the crystaUine orientation is not at all disturbed. If, on

the other hand, the slip has been more pronounced, the resulting

local disturbance will also be more far-reaching, a greater

number of molecules will be disturbed, and they wiU no longer

be able to re-arrange themselves in the old crystalline system.

A more or less thin layer of amorphous metal wiU thus be

formed on each surface of shp. At first—for a short time

—

these layers will probably possess a certain degree of mobihty,
like the surface film which adjusts itself under surface tension.

During this period these layers would act as a sort of lubricant,

facihtating further slip on the same gliding planes. After a

time, however, when the disturbed molecules have had time to

"set " in the amorphous condition, we should have on each

plane where slip has taken place a layer of hard, non-plastic,
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amorphous metal. These would effectually prevent further

slip on that particular set of gliding planes, and the crystals

would be Hmited, in accommodating themselves to further

plastic strains, to sUp on other surfaces which had not been
" used " in the previous straining. But all the surfaces of

easiest slip will have been used at the first straining, so that to

effect plastic deformation the second time more force would be

required. Not only this, but the hard and brittle amorphous
films on the surfaces of previous slip would also act £is a stiffen-

ing skeleton for the whole crystal and thus offer additional

resistance to the commencement of fresh slip. This conception,

therefore, affords a rational and simple explanation of the

apparent hardening of metal by plastic deformation. The
essence of the whole conception lies in this—that plastic

deformation can only occur on the sHp-planes of a true crystal,

so that plasticity is, in metals, a property bound up with

crystalline structure. As amorphous layers are formed, the

capacity of the crystals to yield by slip is diminished, and

ultimately, when a certain not very large proportion of the

metal has been converted into the amorphous condition, the

metal has been rendered incapable of further plastic deforma-

tion—^it has been rendered hard and brittle. As this stage is

reached when the metal still consists largely of portions of

crystals embedded in amorphous layers, it is obviously im-

possible to convert the whole of the metal into the amorphous

condition, because the straining process whereby this conversion

can be brought about is rendered impossible by the skeleton of

hard amorphous matter already present.

There is one difficulty about the explanation of the hardening

of metal by plastic strain, as given by the conceptions explained

above, which requires brief mention. This lies in the fact that

the hardening produced by plastic strain is, in certain cases at

all events, uni-directional. For instance, a piece of steel which

has been "hardened," i.e., has attained a raised peld-point

and apparently raised elastic limit, as the result of tensile over-

strain, is not really hardened in every way, for, if it is tested

in compression, it is found that for stresses of that kind the

apparent elastic limit has been lowered, so that the total range
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of elasticity, from the limit in compression to the limit in

tension, has not been materially altered. It is difficult to see

how the formation of hard amorphous layers on surfaces of

shp can account for a softening of the metal in relation to

compression while producing hardening as against tension. It

may be, of course, that there is something directional about the

manner in which the crystalline arrangement is broken up on

the sUp surfaces, so that a configuration results which allows

of sUp in one direction but not in the other. A more probable

explanation has, however, been put forward by Humfrey (*),

who suggests that amorphous layers present or formed in the

crystal boundaries act in such a way that, when distorted by

plastic strain, they serve to assist the action of any forces

tending to restore the metal to its original shape, but lend added

resistance to further change of shape in the same direction as

previous strain. This explanation wiU, however, be better

understood when the general question of the structures at

crystal boundaries has been discussed.

The conception of an amorphous and temporarily mobile

layer formed on all surfaces of internal sUp affords an interesting

explanation of phenomena connected with over-strain, more
particularly observable in iron and steel. These are the

phenomena of semi-plasticity, which occur immediately after

a tensile test-piece has been exposed to a stress beyond the

yield-point. If the load is removed from such a test-piece

and small loads are gradually applied to it, extensometer

observations at once show that the material is in a pecuHar

condition. Even under sUght loads the proportionaHty

between load and extension is no longer observed ; the test-

piece shows a certain gradual creep, the extension slowly

increasing with time. If the small load is removed, the metal

does not at once return to its original length, but a small more or

less permanent " set " is left behind, although this may diminish

gradually as the result of backward creeping. The somewhat
complex phenomena may be summed up by saying that the

material has for the time lost the truly elastic character which

it normally exhibits under such small loads, and behaves as if it

were in a semi-plastic condition. If left to itself, the original
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perfect elasticity is recovered after a time which varies from

a few hours to several days, according to the nature of the

material, while exposure to a temperature of 100° C. for twenty

minutes is sufficient to bring about complete " recovery " (®).

Such phenomena could only be explained with great difficulty

if purely crystalline shp were alone concerned in plastic defor-

mation. The conception of amorphous layers possessing tem-

porary mobility, however, affords a simple explanation. So

long as the amorphous layers formed on the shp surfaces

retain their temporary mobility, the metal may well be expected

to behave in a semi-plastic manner, since the amorphous
layers on the slip surfaces would behave like films of viscous

fluid, slowly moving under the appUed stresses, thus giAring the

slight permanent " set " and the gradual creeping observed.

In the course of time, or more rapidly in consequence of shght

warming, these layers become rigid in the permanently hard,

amorphous condition, and the phenomena of semi-plasticity

accordingly disappear.

Having freely availed ourselves of the conception of " amor-

phous " metal, it may be well to state precisely what is under-

stood, in this connection, by the term " amorphous." In

accordance with Beilby's views, and their recent development

by the author and his collaborators (®), the amorphous condi-

tion is one in which the crystalline arrangement of the molecules

is completely broken up, so that the molecules remain in a

state of irregular arrangement similar to that which is supposed

to exist in the hquid state. In fact, the " amorphous phase "

is regarded as being—^from the point of view of the phase

doctrine—^identical with the hquid phase. Now extremely

under-cooled hquids are well known in such substances as

glass, vitreous silica, etc., and they are hard, brittle bodies

devoid of plasticity and of crystalline structure. Amorphous
metal is, therefore, to be regarded as being identical in

nature with the Hquid metal if that could be cooled down to

the ordinary temperature without undergoing crystalUsation.

It is admitted that such extreme under-cooling of metals has

never been actually accompHshed, and objections to the whole

concept of amorphous metal have been baaed on that ground.
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These cannot be discussed here, but they have been fully dealt

with by the author elsewhere C). At the present moment

it may well be claimed that the theory of an amorphous

phase in metals, produced as the result of mechanical dis-

ruption of the crystalline arrangement of the molecules,

holds the field as the best working hypothesis available.

There are admittedly outstanding difficulties, but these the

author regards as being inevitable in a theory whose wide

generalisations cover a field which has as yet been but partially

explored (^).

The general effect of slowly-appfied or " static " plastic

deformation, which has just been discussed, may now be

summarised as follows : the metal in the cast or the annealed

state is an aggregate of crystals ; when the metal undergoes

plastic deformation the crystals are deformed in the same

general sense as the mass of metal. This change of shape of

the crystals is accomplished by a process of sHp or gliding by

which layers of the crystal sfide over one another along certain

gliding planes. Such slip occurs on a great multitude of

planes in each direction and, as a rule, it must occur on at least

three sets of planes, but it may occur on a greater number. This

slip is accompanied by a certain disturbance of the crystalline

arrangement of the molecules on or near the surfaces of sHp.

If the deformation has been slight, the disturbed molecules

may be able to rearrange themselves in accordance with the

crystalline system by which they are surrounded, and the

completely crystalline character of the metal will then be

unaffected by the deformation. When the deformation is

severe, and if it is intensely localised, as when a single crystal

is bent upon itself, the molecular disturbances at the slip

surfaces become larger, and permanent layers of amorphous

metal are formed on each surface where slip has occurred.

Ultimately the metal, as the result of extreme deformation,

becomes a mass of crystal fragments embedded in relatively

thick layers of amorphous metal. This change is accompanied

by an increase in the hardness of the metal and—^in the majority

of metals—^by a measurable decrease of density.

Reference must be made here to another process which is
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known to occur in the plastic deformation of crystals and which
occurs in metals, although it is doubtful whether it is the direct

result of strain or only arises during a subsequent anneaHng
process. This is the formation of " twin " lameUse, or " twin-

ning," as it is generally called. The mutual relationship of

twinned crystals is best described by saying that in their

internal arrangement and symmetry they are mirror images of

one another ; we can conceive of the twinned portion being

generated from the normal structure by a simple swinging

round of all the crystal elements through a definite angle,

which is, however, intimately connected with the natural

angles of the crystal. In the mineral calcite this swinging

round can be brought about by mechanical means, such as the

forcible insertion of a knife blade into the edge of the crystal

at a suitable point. In metals the presence of twin lamellse

makes itself evident in the etched micro-sections of many
metals, such as copper, brass, silver. An example of their

appearance, with its typical rectilinear and parallel banding,

has already been given in Fig. 55, Plate XI. ; another very

beautiful example, taken from pure silver, is shown in Fig. 107,

Plate XXIII
.
) . The existence of twinned regions is also revealed

by the shape assumed by slip-bands in passing through such

twinned lamellse ; this is illustrated in Fig. 108, Plate XXIII.,

which relates to strained copper. The view has been widely

held (®) that twinning in metals occurs directly as a purely

mechanical action under the influence of strain ; recent experi-

ments have, however, shown that in the majority of metals, if

not in all, twinned crystals are never found in the cast material,

if it has never been strained in any way, and that the apphca-

tion of strain to such cast metal does not at once produce

twinning ; even the very shght amount of strain involved in

gently poKshing the surface of a piece of pure cast silver is

sufficient to produce most vigorous twinning when next the

metal is annealed {^°). This evidence tends to the conclusion

that twinned bands are not formed during straining, but that

they are a form which the crystals of many metals assume very

readily during the re-crystaUisation which occurs on anneahng

after straining. It is interesting to note that typical twinning
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is not seen in a iron, but that 7 iron exhibits twinning in a

marked degree.

We have now to consider the mechanism of fracture, first

when it results from the application of a steady load and then

in relation to the phenomena of " fatigue " described in con-

nection with alternating stress testing in the previous chapter.

It wiU be seen at once that the mechanism of fracture wiU be

different according as it is brought about by a gradually

applied load, by shock, or by alternating stresses. Taking

steadily-appMed tension as our example, wftfind that the crystals

become increasingly elongated with increasingextension, slip

pcoumng to an increasing extent on jnore and more numerous

gliding planes. t)n these planes, too^^amoiphgus_layers are

formed,j)Jit the amorphous material is stiU in its temporarily

mobila_c©nditiori. ^^TJItimately the proc§g^.,^rsli£[^^reacbes a

limit, ^nd the surfaces part and the test;£iece breaks? When
a fracture thus.produced js examined, it . .exhibits„a , typical

"fibrous" appearance, but the fibres, in a pure metal, are

merely the drawn-out ends of the elongated crystals, and can

be fecOgnised as such under the microscope. This can be readily

done if the fracture is embedded in electro-deposited metal,

such as copper, and a longitudinal section is then cut. Such

a section, showing the broken ends of the elongated crystals,

is given in Fig. 109, Plate XXV.
When shock acts upon a pure metal, the result is somewhat

different. Although a certain amount of deformation by shp

takes place, that is essentially a process requiring time, and

shock fracture does not allow such time. Consequently,

instead of undergoing deformation by sHp on the gliding planes

of the crystals, the metal undergoes fracture along their cleavage

planes. The process of fracture under steady load and under

shock have this in common, that in both cases fracture results

across the body of the crystal—the individual crystals are not

torn apart from one another along their boundaries. This is

a typical feature of the fracture of all "sound" materials ; where

inter-crystalline fracture occurs it is a certain sign of some

abnormahty in the composition or condition of the metal. Yet
the mode of fracture under shock results in an appearance so
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different from that under steady load that the suggestion has
been made that metallic crystals may exhibit either a " duc-
tile " or a " brittle " behaviour. Both are, however, merely
manifestations, under differing conditions, of their essentially

crystalline constitution.

The explanation of the process of failure by " fatigue,"

i.e., under the repeated alternations of a stress which would not
cause fracture if steadily apphed, is also furnished by the con-

ceptions described above as to the behaviour of a crystalline

aggregate under strain. A stress which is to cause ultimate

failure after repeated alternations must be large enough to

produce a small amount of local yielding in the metal. This

may be so small in amount as to be unobservable, even with a

delicate extensometer, and in that case the stress would be
regarded as lying within the apparent or " primitive " elastic

limit, but the microscopic examination of polished test-pieces

under load has shown that the formation of sUp-bands in

isolated crystals here and there in the metal may and does

occur for stresses of this kind. Some crystals, by their shape

and the orientation of their gUding planes are unfavourably

situated to resist the particular system of stresses which has

been applied, and a sHght local slip takes place. If the load

remains in steady action, nothing further occurs. If, however,

the stress is reversed

—

i.e., if the metal is being subjected to

alternating stress—^then this slight amount of slip will also be

reversed, particularly as the slip surfaces will stiU be covered

with the temporarily mobile layer of amorphous metal. Such

reversal will be repeated with each reversal of the applied stress,

and at each successive slip the layer of amorphous material

will be increased. After a time, however, by virtue of its

temporary mobiUty, this film of quasi-hquid metal will be

squeezed out between the gliding surfaces, and the site of

the initial minute sUps will develop into a fine crack.

As this process continues, that particular crystal soon begins

to lose its strength, and additional stress is thereby thrown

upon its immediate neighbours, which undergo slip and gradual

disintegration in the same way. Ultimately, the crack or

flaw thus originated works its way across the entire section of
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the metal, and failure of the piece results. If the action has

been fairly rapid, i.e., if the stress was high enough to produce

somewhat rapid disintegration by repeated reversals of slip,

the resulting fracture exhibits the crystal faces upon which

sKp has taken place as a number of bright facets resembhng

those produced in a " brittle " shock fracture, and it is this

appearance which has led to the mistaken idea that alternating

stresses cause metal to " become crystalline." Actually, as

we have seen, the metal is crystalline from the beginning,

never really " fibrous," and the " fibrous " or " crystal-

line " appearance of the fractures depends on the mechanism

of fracture, and not on any change in the crystalline structure

of the metal.

The explanation of fatigue fracture which has just been given,

although it has been deduced from the general character of

plastic deformation by slip, was first given by Ewing and

Humfrey {"), as the result of direct experimental observations

in which they watched the formation of shp-bands in certain

crystals, and their gradual growth into cracks on the polished

and etched surfaces of pieces of Swedish iron submitted to the

Wohler test. One set of photo-micrographs obtained by them in

this way is reproduced in Figs. 110 to 113 inclusive, Plate XXI.
The manner in which fracture under comparatively low alter-

nating stresses takes place affords an insight into the true mean-

ing of the parabolic curve obtained by the Wohler or other

fatigue test. With the higher stresses, fairly rapid failure

results, because slight shp takes place in a considerable number
of crystals, and this slip is also greater in amount than it would

be under lighter stresses—^the exact relation between the two

is, however, dependent upon certain properties of the crystals

with which we are not well acquainted. On the other hand,

when the stress has been reduced to such a value that no local

slipping occurs anywhere in the metal, then an indefinite

number of reversals produces no effect on the metal

—

i.e.,

the test yields a point on the horizontal part of the parabolic

curve. The limiting stress at which slip ceases to occur

within the metal is thus the " safe range " for alternating

stresses, and its physical meaning is simply that it is the " true
'

'
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elastic limit, since nothing but purely elastic deformation is

produced thereby. Actually, the alternating stress test is

probably the most sensitive method of determining this true

elastic limit, and it has the advantage that it is unaffected by
the particular condition of cold work in which the metal

may find itself, as the application of alternating stresses rapidly

restores the elastic limits in both tension and compression

to their " true " or normal positions.

While it cannot be claimed that all the intricate phenomena
connected with the failure of metals under vibratory or alter-

nating stresses have been fully and finally explained, the

methods of Physical Metallurgy have so far elucidated the

problem, in the manner indicated above, that a clear insight

into the mechanism of failure under the simpler forms of

alternating stress has been gained. The myth that metals
" become crystalline " under the influence of vibration has

been finally dissipated by the demonstration of the manner

in which the yielding of crystals by slip can lead to failure

under alternating loads. Indeed, microscopic study has

shown very conclusively that, so far as iron or steel is concerned,

no perceptible change of crystalline structure or arrangement

ever occurs at the ordinary temperature. Quite recently.

Garland (^*) has shown, by means of micro-sections of

specimens of non-ferrous metal and alloys taken from ancient

Egyptian tombs, that the meta-stable cored structures of

cast soHd solutions, as well as the distorted crystals produced

by cold work, persist unchanged through periods of thousands

of years. The author's examination of some specimens of

ancient iron from Adam's Peak, in Ceylon (^^), and similar

studies by Sir Robert Hadfield ("), have shown that in pieces

of iron probably over 4,000 years old the structure is exactly

the same as in iron that has been made yesterday. It is well,

therefore, that the modern explanation of "fatigue" pheno-

mena rests on something much more secure than the unfounded

supposition that vibration can cause changes of crystalline

structure in a metal so far removed from its softening tem-

perature as iron or steel, or even brass or bronze.

In the discussion of the behaviour of metals under strain
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we have so far confined our attention, not only to pure or

'' simple " metals, composed of an aggregate of crystals of one

kind, but we have dealt only with the behaviour of the material

forming the mass or interior of a crystal and not at all with

the conditions which exist at the crystal boundaries where

adjacent crystals meet. Yet the behaviour of the crystal

boundaries is of primaryimportance tothe quahties of the metal.

The extent to which this is the case appears in a striking manner

from some early experiments of Arnold (^^) with an alloy

of gold and bismuth. He showed that such an aUoy consists

of perfectly ductile crystals of pure gold surrounded—^for

aUoys of low bismuth content—^with a thin brittle film in which

the bismuth is concentrated. The presence of these thin

brittle films in the boundaries is sufficient to render the whole

mass of metal extremely fragile, so that it can be readily broken

up with a hammer. Individual crystals, however, after being

thus broken apart can be hammered out into thin sheets.

This is a striking case of a condition which is really abnormal,

viz., of inter-crystaUine brittleness, due in that case to the

presence of a deleterious impurity. In all metals and alloys

it is now well known that such inter-crystaUine brittleness

only arises when the crystal boundaries are weakened, either

by the presence in them of a weak and brittle constituent, or

because the inter-crystaUine cohesion has been weakened by
the effects of some special treatment to which the material

has been subjected. It has been clearly shown that in all

normal fractures, both of iron and steel and of other metals

and alloys, even including such a brittle metal as bismuth,

the path of the fracture, whether produced by static stress,

shock, or fatigue, never follows the inter-crystalline boundaries,

but always crosses the crystals, sometimes on relatively

straight surfaces, as in cleavage fracture produced by shock,

sometimes on greatly stepped sHp-surfaces, as in a tensile frac-

ture. An illustration of this fact, which observation of numbers
of test-pieces has confirmed, is given in Fig. 114, Plate XXV.,
which is the section of a shock-fracture of a very mild steel,

consisting almost entirely of ferrite. This fracture may be con-

trasted with that shown in Fig. 115, Plate XXV., which is from
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an abnormal steel in which inter-crystalline brittleness is

evident.

If we regard cohesion within the body of a crystal as

being due to the attractions between layers of adjacent mole-

cules, we can readily understand the continuity of such cohesion

acting throughout the entire mass of any one crystal. The
forces which are at work in producing cohesion between

adjacent crystals must, however, be of a somewhat different

character, for it is obvious that the regular arrangement of

molecules in oriented layers cannot be carried on through a

crystal boundary, while it appears that the actual cohesion

between adjacent crystals is stronger than that between

different layers of the same crystal. The view, at one time

widely held, that a considerable number of minute cavities

exist where adjacent crystals meet in such a way that they

do not "fit in " with one another, is obviously contrary to

the observed fact that the boundaries are surfaces of extra

strength and not of weakness. During the past three years,

a view has been independently put forward by a number of

workers (^*) according to which the interstitial spaces between

adjacent crystals are fiUed up by an amorphous film or layer

whose nature is similar to that formed on poUshed surfaces

or on surfaces of slip, but whose origin is entirely different,

at any rate so far as cast or annealed metals are concerned.

The basis of this view is that where adjacent crystals meet

there is a kind of " region between the orientations " where the

molecules of the crystallising liquid, or of the re-crystalhsing

soUd, are left in a state of approximate balance between the

opposing tendencies to arrange themselves according to one

or other of the adjacent crystalline orientations. In conse-

quence of this approximate balance of directive forces they

remain in the irregular arrangement characteristic of the

liquid state, and persist as thin layers of greatly under-cooled

liquid, i.e., of amorphous material, which is readily able to

accommodate itself to the irregularities of surface of both

of the adjacent crystals, and thus, by bridging the gap in the

chain of cohesion, acts as an inter-crystalline cement.

This view, although widely supported, is also strongly

P.M. s
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opposed by those who beheve that the tendency to crystallise is

so extremely powerful in metals that any considerable under-

cooling of the kind suggested is impossible {^). No satisfactory

alternative theory, however, has yet been put forward, and

the " amorphous cement theory, " at all events holds the field

as a satisfactory working hypothesis. How far the picture of

what occurs at the crystal boundaries really represents the

truth remains for further research to determine. The theory

—

or hypothesis—as it stands, however, serves to explain a whole

series of interesting phenomena. Some of these have only been

discovered because the author and his collaborators were led,

by the indications of the theory in question, to look for them

experimentally. The most interesting of these from the

present point of view relates to the behaviour of metals at high

temperatures (*), and the facts connected with it are well worth

careful consideration.

At the ordinary temperature, when a specimen of metal

is strained, having previously been polished and etched on

a convenient surface, we have seen that the crystal surfaces

become covered with shp-bands, as illustrated in Fig. 98,

Plate XX. This change of shape of the individual crystals

by means of sHp cannot, however, go on without some move-

ment at the crystal boundaries. In addition to changing

their own shapes, the crystals must move relatively to one

another. The strength of the crystal boundaries is found to

resist such movement, and the slip-bands are found to be

arranged in such a way as to minimise the amount of displace-

ment occurring at the actual boundaries. In other words, the

metal takes up the new shape imposed on it, as far as possible,

by means of shp within the crystals andwith as little disturbance

as possible of the inter-crystalline boundaries. That there is

some definite movement at the boundaries becomes evident if a

pohshed specimen is strained without being previously etched ;

the effect of the strain at once causes the crystal boundaries to

become visible on the surface.

As the temperature of a metal is raised, it is found that in

general its strength

—

i.e., its resistance to shp and to fracture

—

becomes rapidly diminished ; at the same time, the surface
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phenomena which are seen on previously polished surfaces

also undergo a change. This—according to the amor-

phous cement theory—^is due to the fact that while the

resistance to slip, being of the nature of solid friction, is not

very much affected by rise of temperature, the resistance of

the boundaries—^being of the nature of the resistance of a very

viscous fluid—^rapidly diminishes with rising temperature.

While at the ordinary temperature the boundaries are much
stronger than the bodies of the crystals, a point is reached,

with rising temperature, when this relation is reversed, and

the boundaries yield more readily than the mass of the crystal,

Specimens strained at such a high temperature—^in nearly pure

iron this lies in the neighbourhood of 900° C.—show no great

development of slip-bands, although signs of their occurrence are

still visible, but there are clear signs of much movement at the

crystal boundaries. This is illustrated in Fig. 116, Plate XXVI.,
which shows the previously pohshed surface of a specimen of

very mild steel which has been strained in a high vacuum at a

temperature of 1,000° C. That this phenomenon is really due

to a viscous yielding of the crystal boundaries is shown by two
distinct facts. One of these is that at such temperatures the

resistance of the metal is dependent upon the rate" of straining

according to a law which is that of viscous resistance ; the

second is that, if a specimen of the same material, heated to

the same temperature, is strained by the sudden application of

the load, not only is the strength apparently much higher, but

the surface phenomena and the fracture revert to the low-

temperature type

—

i.e., there is again a large development of

slip-bands and little movement at the boundaries. This

—

according to our theory—simply means that the rate of

deformation has been so great that the fluid, but still highly

viscous, cement between the crystals has not had time to flow,

and has accordingly behaved like a hard soMd, much as does

pitch under the action of a blow.

This hne of evidence has, however, been pushed considerably

further. If the inter-crystalline cement becomes softer as the

temperature is raised, at some point not very far below the

actual melting-point of the metal, the cement should be

s2
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practically fluid in the more usual sense of the word

—

i.e., have

only a low degree of viscosity ; at the same temperature the

crystals themselves should still possess considerable strength,

and, consequently, it should be possible to pull the crystals

apart, by the aid of a small load, without appreciably deforming

them. This leads to the conclusion that at a temperature

not far below its melting-point even the most ductile metal

should exhibit a very high degree of inter-crystalline brittleness.

This somewhat unexpected conclusion has been very completely

verified by the author and D. Ewen (*), who produced perfectly

brittle fractures of the purest lead, tin, gold and bismuth by
means of a slight pull applied to the metals at temperatures

ranging from 3° to 10° C. below their melting-points.

This question, with its many interesting points of outstanding

difficulty, cannot be further pursued here, particularly as many
of the fundamental points are still under active discussion on

the part of those interested in the investigation of this subject.

On the value of the various arguments employed, the reader

—

if he is sufficiently interested in the matter—^will form his own
opinion on reading the various papers referred to in connection

with the present chapter. At this point we must pass on to

other aspects of our subject.

While we have so far confined our consideration of the

behaviour of a crystalline metalUc aggregate under strain to

the case of a simple metal, consisting entirely of crystals of one

kind or phase, a very large number of metaUic materials em-

ployed in the arts and industries are of duplex constitution,

i.e., consist of aggregates of at least two kinds of crystals. We
have now to consider how such a duplex aggregate behaves

when deformed.

It must first of all be understood that in a duplex, or even

in more complex metallic aggregates, all the individual phases

or constituents exist as distinct crystals. Where we have two

solid solutions, such as the a and /8 phases in brass, existing

side by side, this conclusion is readily established by examining

each of the constituents, when each is found to be character-

istically crystalline. Where a typical eutectic or eutectoid is

present the case is not quite so simple, as we then have an
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aggregate consisting of simple homogeneous crystals co-

existing with grains which are themselves finely laminated and

duplex. Yet these eutectio or eutectoid grains have been

shown to possess definite crystalline structure of a certain

type (^'). This type is, however, decidedly less regular in its

arrangement than a simple metal crystal, so that the occurrence

of slip-bands of the ordinary kind is not frequently observed in

eutectics. In fact, if a specimen of a pure eutectic alloy is

provided with a polished surface and is then plastically strained,

it will be found that the effect on its surface appearance is

almost identical with that obtained by etching—the laminated

structure is very clearly revealed (^). Close examination has

shown that what really happens is that slip occurs along, or

very close to, the boundaries of the lamellaa of the two con-

stituents present. When it is borne in mind that these

lamellae are formed by the process of crystallisation, it will be

seen that their surfaces must he on or near to some of the

principal crystallographic planes, so that it is not really

surprising that slip should occur on these surfaces. When the

eutectic structure is somewhat coarse and the applied strain is

severe, the formation of ordinary slip-bands can be induced,

and these always bear some definite relation to the lamellae of

the eutectic.

Admitting, then, that both constituents of a duplex alloy are

essentially crystalline, the duplex metal still differs funda-

mentally from the simple metal, owing to the fact that, while

in the one the various crystals differ from one another so far

as resistance to slip is concerned, only on account of their

varying orientation, in the duplex metal we have two kinds

of crystals which differ fundamentally in their inherent power

of resisting sHp or of allowing it to take place to any appreciable

extent without undergoing fracture. Here we may recall the

circumstance that in a large number of duplex aUoys one of

the constituents either consists of, or contains, a definite inter-

metallic compound, and that such compounds are characteristic-

ally brittle

—

i.e., incapable of undergoing slip without suffering

fracture. Perhaps this may be expressed by saying that in

these compounds all the ghding planes are essentially cleavage
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planes, but the important fact is that, as a consequence, one of

the constituents of a duplex alloy is generally hard and brittle.

The condition of a duplex alloy under strain may thus be

regarded as very similar to that of a simple metal into whose

structure a certain number of hard, brittle grains have been

introduced. The influence of such hard interspersed bodies

can be readily understood. In the first place, their presence

tends to harden and stiffen the whole alloy to an extent

quite disproportionate to the quantity of hard material actually

present. This is due to the fact that the ductile crystals of the
" matrix " metal are supported by the adjacent harder crystals,

and in that way the beginning of the slipping process is retarded

until the stiffening effect of the hard constituent is overcome

by the application of a larger stress. This is equivalent to

saying that the duplex material has a higher yield-point and a

higher ultimate strength, since the stiffening support of the

harder crystals will be continued to the end of the straining

process. Further, if the hard constituent is not present in too

large a proportion, and if its individual crystals are small and

evenly distributed, they in their turn wiU be supported by the

softer material in which they are embedded, and wUl thus be

able to undergo a certain amount of deformation—by sUp

—

without undergoing immediate fracture. That such supporting

action is of importance is well known ; thus crystalline Mme-

stone, which is ordinarily quite brittle, can be made to undergo

considerable flow if it is confined in a tube under great hydro-

static pressure ; similarly bismuth can be extruded under

pressure in the form of a wire, although isolated crystals are

extremely brittle.

We have, thus, in a duplex alloy a double system whose

constituents react upon one another, each supporting the other

and aiding it to resist failure in its own particular way. Such a

system, however, is necessarily sensitive to the exact arrange-

ment of its parts. Now in an alloy of this kind the arrangement

of the two constituents—-the size and shape and relative

arrangement of their crystals—^is dependent upon both me-
chanical and thermal treatment, so that it is not surprising to

find that the physical properties of duplex alloys, morethan those
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of other types of metal, are largely dependent upon the treat-

ment—thermal and mechanical—which they have undergone.

One of the most important and typical of these duplex alloys

is, of course, carbon steel, and the influence of the duplex

structure is readily studied in this case by the examination of

cross-sections of fractures obtained in the manner described

above (see p. 245). The path of a tensile fracture is illustrated

in Fig. 117, Plate XXV. It wiU be seen that apparently the

fracture passes indifferently through both ferrite (light)

and pearhte (dark), in spite of the fact that the tensile

strength of a steel consisting entirely of pearUte is some two

and a half times that of a pure ferrite material. The reason

for this peculiar feature lies in that close inter-relation of

the two constituents which has just been discussed. As the

yield-point of such a steel is passed, the ferrite, in spite

of the support of the pearhte, begins to yield, and the

pearlite itself undergoes a small amount of plastic deforma-

tion. This process continues until the limit of endurance

of the pearlite is reached, when, even with the support of

the surrounding ferrite, it can withstand no further stretching.

The elongated pearlite crystals then break, leaving the ferrite

to stretch further unsupported, finally breaking in its turn ; this

final break, however, is bound to occur in such a way that the

resulting fracture will run through the fissures already existing

in the pearlite. The result is a fracture which appears to run

impartially through both constituents. The signs of what has

taken place are, however, to be found in the frequency with

which the pearhte grains in the neighbourhood of the fracture

are found to be fissured, sometimes in several places.

When the same steel is broken in other ways, a different type

of fracture results, but in general terms these fractures may be

divided into two groups, according as the fracture is or is not

preceded by serious plastic deformation. Wherever there is

much antecedent deformation the fracture is of the same type

as that already described in connection with tension ; on the

other hand, if the steel is broken without previous deforma-

tion, as by a sudden blow on a notched bar, the fracture appears

to occur by the direct cleavage of the weaker and more perfectly
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crystalline constituent, i.e., the ferrite, and carefully to avoid

passing through the pearlite. Thus alternating stress fractures

follow the ferrite, as shown by Stanton and Bairstow ; a shock

fracture has been shown in Fig. 114, Plate XXV.
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CHAPTER XII

THE THERMAL TREATMENT OF METALS

In the previous chapter the manner in which the structure of

a metal behaves under strain has been discussed, and we have

seen how, as the result of the process of internal slip accom-

panied by the formation of amorphous metal in increasing

quantities with increasing strain, the original structure of a

cast or annealed metal is modified by the application of " cold

work," i.e., by changes of shape produced by the application

of stresses to the metal in the cold state. The corresponding

effects when metal is subjected to " hot work," i.e., when
changes of shape are produced in the metal while it is hot, will

be discussed in the later portions of the present chapter, but,

before we can deal satisfactorily with that branch of our

subject, we must first consider the process known as " anneal-

ing."

Essentially the anneahng process is the converse of the

process of straining, since it results in undoing, to a certain

extent, the effects produced by the latter. The changes of

shape which have been produced by strain are not, of course,

undone when the metal is subsequently annealed, but, so far

as the internal condition of the metal is concerned, the result

of annealing, if properly completed, is to restore the metal to

the perfectly crystalline condition which we have learnt to

regard as normal, and thus to remove the hardening effects

of strain.

The annealing process consists, in all cases, in exposing the

metal to a sufficiently high temperature and following this by
comparatively slow cooling. In most cases the exposure to a

high temperature need not be more than sufficient to aUow the

whole mass of the metal to attain the same temperature, but

if it is desired to obtain an annealing effect at moderately low

temperatures, much longer exposure is required. The details
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in regard to this point vary so much that reference must be

made in each case to works dealing ^vith the individual metal

in question. Here we can only consider one or two typical

cases.

Before considering the properties of any particular metal in

regard to annealing, we must first define somewhat more

precisely what is meant by such a term as " anneaUng tem-

perature." When a cold-worked piece of metal, such as a

hard-drawn wire or a rolled or hammered sheet, is heated there

seems to be no doubt that the first notable effect is that of

mechanical softening. Whether we measure this softening by
some form of hardness test, such as a ball or cone impression,

or by the " scleroscope," or whether we determine the reduction

in tensile strength of a wire, it is always found that, for a given

period of heating, there is some fairly definite minimum tem-

perature at which softening occurs. If the micro-structure of

the strain-hardened material be examined after various

intervals of such heating, however, it is usually found that the

effects of annealing upon the structure do not become visible

for some little time after the first definite softening effect has

been produced. This is quite in accordance with the " amor-

phous " theory, since the first effect of raising the temperature

would be to cause the re-crystalhsation of the amorphous

material present in the metal—so far as such re-crystallisation

is possible without a re-arrangement of the whole crystaUine

structure. If strain has not been too severe, the various

layers of the original crystals will still be correctly oriented

relatively to one another and, when the intervening amorphous

layers are caused to resume the crystalline arrangement, this

will result in the practical re-constitution of the original

crystals, but these will retain the elongated or otherwise

distorted shapes which they assumed under plastic deformation.

If the strain has been severe, however, the original orientation

of the various layers of a crystal will no longer be preserved, and

this reconstitution of the former crystals will only occur to a very

small extent, the resulting structure being a mass of extremely

minute crystals separated by their boundary films of amorphous

metal. In its mechanical properties such a material will differ
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from the fully re-crystallised material only in certain special

directions ; as compared with the strength or hardness of the

material before annealing had begun, its strength and hardness

will be small and practically identical with that of the fully-

annealed metal. Even though the amorphous boundary
layers are numerous in this state of the material, their total

cross-sectional area is still small, and their influence on
the hardness or tensile strength is small compared with that

which the amorphous layers in the slip-surfaces of the crystals

had produced in the strain-hardened metal. It thus arises

that the mechanical softening effect of anneahng appears to

precede the visible effect on the micro-structure. In practice,

also, the action is considerably complicated by the fact that

the various stages of the annealing process do not occur

uniformly throughout any mass of metal.

Somewhat more prolonged heating, after the first mechanical

softening effects have been obtained, results in the rapid

formation of a large number of minute crystals, which follow

the universal tendency of the constituents of a crystaUine

aggregate to increase in size and to decrease in number.

Accordingly some of these crystals grow at the expense of their

neighbours. On the hypothesis of an amorphous inter-

crystaUine cement, this process simply means that the structure

of the metal changes in such a manner that the total quantity

of amorphous metal—which is essentially in an unstable condi-

tion and, therefore, tends to revert to the stable crystalline

form—^is diminished in consequence of the diminution of the

total area of inter-crystalline boundaries in the piece of metal.

This tendency to grow is fairly rapid at first, but diminishes

with increasing size of crystals
; \ it has been found b^

Sauveur (^), however, that in mild steel, at aU events, there is a
" critical deformation," i.e., a certain degree of deformation by
cold work, which particularly favours rapid growth of new
crystals on annealing, both greater and lesser degrees of

distortion resulting in much smaller rates of subsequent

crystal growth on re-heating. This is a phenomenon for which

it is by no means easy to suggest a satisfactory explanation.

Whatever the theoretical explanation which may ultimately
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be accepted, there can be no doubt that the process of annealing

in most metals occurs in two stages, which sometimes overlap

in different parts of the same piece of metal. We have first the

simple effect of more or less complete mechanical softening

leaving the strained structure apparently unaltered, followed

by the process of gradual re-crystaUisation by which new
crystals of equi-axed shape, and thus possessing boundaries of

minimum area, are produced and gradually developed in size.

This process of re-crystallisation and of gradual crystal growth

is also accompanied by a small change in the physical pro-

perties of the metal—there is a further softening effect, accom-

panied by sUght changes in density, thermo-electric power,

electric conductivity, etc. One very important point must,

however, be borne in mind. If metal is annealed after cold

working with the object of fitting it to stand further cold

working, it becomes important to allow the second stage of the

annealing process to continue for a certain time, so that a

crystalhne structure of moderate size may be developed. The
reason for this necessity lies in the fact that there appears to be

a definite limit to the amount of distortion which can be safely

apphed to a given metal without producing internal fracture.

Thus, in wire-drawing, if it is attempted to harden a wire too

much by successive cold drawing, a point ia reached where the

wire begins to " draw hollow,"

—

i.e., the inner layers of the

metal fracture in consequence of excessive distortion. Simi-

larly in cold-rolHng, metal may tend to flake and spht in conse-

quence of " over work." There is some reason to believe

that if a metal is only just softened by slight annealing without

permitting the growth of new crystals of moderate size, its

power of safely undergoing further distortion is more hmited

than it would be in a more thoroughly annealed condition.

Perhaps the re-arrangement of the amorphous layers within

the old crystals is not sufficiently perfect to restore complete

ductility, but it is found far safer to allow annealing to proceed

far enough to obUterate, as far as possible, the traces of the

previous appUcation of " cold work " before fresh deformation

is apphed. On the other hand, it is equally important to avoid

unduly prolonged annealing, with its consequent coarsening of
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crystal size. Quite apart from the fact that in many metals

prolonged heating causes damage owing to oxidation, the

coarser crystals do not appear to possess as great a degree of

strength and ductility as an aggregate of smaller ones. The
difference is not very marked on a tensile test, particularly in

the case of a pure metal, but shock tests show a decided

difference in favour of the finer structure. In duplex alloys,

which depend for their valuable qualities upon the co-opera-

tion of two constituents of widely different mechanical proper-

ties, the time of anneaUng is often of vital importance, since

it governs the relative arrangement of the constituents ; with

this aspect of annealing, however, we shall deal in connection

with the subject of " heat treatment " generally.

The annealing process has been studied with great care in

several pure metals, notably in lead (Ewing and Rosenhain {^) ),

copper (Beilby (^) ), and in gold (Beilby (*), Rose (*) ). In

regard to duplex alloys, the matter is complicated by the

presence of the second constituent, and, for the sake of sim-

plicity, we shall confine our attention to the pure metals just

named.

In the case of lead, it has been found that very rapid re-

crystallisation occurs at a temperature of 200° C. ; at 100° C.

re-crystallisation occurs to a marked extent after an exposure

of thirty minutes, while it is found that definite signs of re-

crystallisation can be detected after a few months in very

severely cold-worked lead, even if stored at the temperature of

an ordinary room. Ancient lead, as found on the roofs of old

buildings, always exhibits a coarsely crystalline structure,

which has, no doubt, grown slowly during many years. As
regards the softening effect, the author has recently made
some experiments by means of a ball-hardness test, and has

found that definite softening of severely strained lead occurs,

without the application of artificial heat, after a few weeks,

while slight effects may even be observed after a few hours at

the ordinary temperature. Some of the other soft metals

—

i.e., metals with a low melting-point—also undergo anneaUng

at the ordinary temperature. Rose (') states that tin, cadmium

and zinc all undergo softening at the ordinary temperature.
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In regard to copper, Beilby has shown that exposure to a

temperature of 200° C. is sufficient to produce definite effects on

the mechanical properties of a hard-drawn wire. Here, of

course, the question arises how " anneahng temperature " is

to be defined. The influence of a given temperature depends

upon the time for which it is allowed to act, and the degree

of straining or hardening to which the metal had previously

been subjected also plays a part in the resulting data. It

is therefore necessary to adopt some arbitrary definition of

" annealing temperature." Different workers have adopted

different standards, suitable to the particular purpose for which

the data were required in each case. Probably the best

course is to reaHse that there is no definite and absolute
" annealing temperature," although for the purpose of any
practical process there is always a definite temperature and
duration of heating which gives the best results. Since,

however, such a temperature could not be calculated from any
arbitrarily defined and experimentally determined " annealing

temperature," it scarcely seems worth while to attempt to

lay down any general definition or convention on this subject.

The annealing of gold has been very fully studied, more
particularly by Beilby and Rose. Beilby finds that an effect

on the mechanical properties of a hard-drawn gold wire only

makes itself felt when a temperature of 250° C. has been
attained. Rose, on the other hand, taking the " temperature

of anneahng " as the " temperature at which a piece of metal

becomes almost completely softened and re-crystallised in

half an hour," finds that the very purest gold, not containing

more than one part of impurity in 10,000, has an " annealing

temperature " as low as 150° C, while the corresponding

temperature for gold containing 0-05 per cent of copper is

250° C. This striking influence of shght impurities on the

temperature of annealing has also been traced in copper,

and no doubt serves to account for the higher temperature

found by Beilby.

In the case of wrought iron and steel, there is evidence to

show that even a temperature of 100° C. is sufficient to bring

about a notable change in freshly over-strained material.
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Muir (^) has shown that the elasticity of iron or mild steel

which has been temporarily destroyed by straining beyond the

yield-point can be rapidly restored by exposure to boiling

water. The common practice of exposing a razor to steam

immediately after stropping probably also acts by removing

the traces of over-strain from the thin edge of the steel

which has been over-strained by bending backwards and

forwards during stropping. Steel fully hardened by quenching

in cold water also appears to be very slightly altered by
exposure to 100° C. Strain-hardened iron or steel, however,

although some slight and gradual changes of properties become

noticeable at temperatures near 300° C, does not undergo

any serious or rapid annealing until a temperature of 500° C.

is reached, aM for all practical purposes this temperature may
be regarded as the lowest possible annealing temperature.

This fact appears very clearly in the curves published by
Goerens (*).

It is perhaps desirable to point out here that the " annealing

temperatures," in so far as they have been mentioned in the

preceding paragraphs, refer to the minimum temperatures at

which certain effects have been obtained. For practical pur-

poses very much higher temperatures are universally adopted
;

primarily the reason for this practice hes in the fact that these

higher temperatures produce the desired effects of softening

and re-crystalHsation very much more rapidly and, under

proper control, without damaging the metal. The duration

of exposure and the temperature attained must be carefully

adjusted to each requirement, and it is particularly important

to note in this connection that the various metals differ very

widely in regard to the rate at which re-crystallisation takes

place. Thus aluminium exhibits extreme sluggishness in this

respect, so that prolonged exposure to a relatively high

annealing temperature is required to bring about complete

re-crystallisation. In brass and copper, on the other hand,

the rate of crystal growth is relatively rapid, and a few seconds

exposure to a temperature of 600° or 700° C. is sufficient to

bring about fairly complete anneahng in these metals.

We have already referred to the evils associated with
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excessive annealing, but the matter is of such considerable

importance that rather more detailed consideration is required.

The effects of prolonged annealing, more especially in the case

of those metals which are usually annealed at temperatures

above 600° C, are two-fold. In the first place, there are the

effects of mere exposure to a high temperature upon the internal

structure of the metal, and, in the second place, there are in

some cases equally serious effects due to the chemical and

physical action of the atmosphere in which the metal is heated.

Taldng the latter first, we have effects of oxidation, which are

particularly felt in iron and steel where removal of carbon

and formation of oxide in the surface layers always

occurs in industrial annealing, even though efforts are made,

by packing the steel in iron boxes filled with Ume or other

powdered material, to exclude the air as far as possible.

In the case of very thin pieces of metal this oxidising action

may penetrate far enough to impair the value of the piece

entirely. A case of the opposite kind is presented by many
varieties of copper, which normally contain a certain propor-

tion of oxygen. If such copper is heated in a reducing atmo-

sphere, or if while hot it is even temporarily exposed to

reducing gases, the metal is so seriously injured as to be ren-

dered useless for most practical purposes. This action,

known as the " gassing " of copper, arises from the fact that

hydrogen is able to diffuse rapidly through red-hot copper

;

in the interior of the copper this gas meets with small grains

of cuprous oxide, and a chemical reaction follows by which

the cuprous oxide is reduced to copper while the hydrogen is

burnt with the formation of an equivalent quantity of steam,

thus :

—

Cu^O -}- Hg = 2Cu -j- HgO.

The water vapour produced is, however, unable to diffuse

away through the copper, and a smaU blow-hole or cavity

is formed in the place previously occupied by the grain of

cuprous oxide. This action often suffices to render the copper

extremely weak and porous.

Injury to metal as the result of an annealing process is,

however, much more frequently caused by the effect of
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prolonged exposure to a high temperature upon its internal

structure. We may consider first the case of a simple metal

—

i.e., a pure metal or an alloy of the " simple " solid solution

type in which crystals of one kind only are present. In such

a material the effect of prolonged annealing upon the resulting

structure can only be of one kind, viz., the coarsening of the

structure by an increase in the size and a reduction in the number
of the crystals which compose the mass. We have already

seen that the crystals which constitute a mass of metal exhibit

a tendency to increase in size and to diminish in numbers—
a change which is usually described as the " growth " of the

constituent crystals of a metal. At the ordinary temperature

such growth is held in check by the internal resistance which

the hard and solid metal offers to any molecular re-arrangement.

When the temperature is raised this resistance is diminished,

and a stage is reached when the tendency to growth is sufficient

to overcome the resistance. If the metal has been strained,

the tendency for some re-arrangement to occur is probably

much stronger than in the unstrained state, and the temperature

at which re-arrangement will begin—^what we have previously

called, roughly, the " anneahng temperature "—^is probably

lower than that at which crystal growth will occur in an

unstrained sample of the same metal. Indeed, there is some
doubt whether some degree of strain is not essential to start

the process of crystal growth at all ; if this is the case, however,

only very little of such impetus can be required. The real

reason for crystal growth lies in the tendency, which every

physical system exhibits, to dissipate any stores of potential

energy which it may contain. Now there can be no doubt

that the crystal boundaries contain stored energy ; whether

we regard it, in accordance with the amorphous cement theory,

as being identical with the latent heat of fusion, or whether we
confine ourselves to the more general statement that the crystal

boundaries are the seat of " surface energy " or of " surface

tension," we reach the conclusion that the final state of physical

equihbrium of a crystalline aggregate—^towards which it tends

to change gradually whenever the conditions are favourable

to change—^is that of a single crystal forming the entire mass,

P.M. T
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with a total absence of inter-crystalline boundaries. We do

not often meet with metal in this state—the attainment of this

ultimate physical equilibrium is even rarer than the attainment

of complete physico-chemical equilibrium in accordance with

the requirements of the phase rule. None the less, these final

states indicate the directions in which changes are likely to

occur on prolonged heating. In the present case the tendency

results in the growth and re-arrangement of crystals always

in the direction of reducing the area of their inter-suriaces.

And this tendency extends not only to aggregates of crystals

of one kind, but also to duplex and more complex aggregates,

with results—^in the case of duplex aUoys—which we shall

have to consider below.

The question then arises whether the increasing size of

crystals produced in a simple metal by prolonged heating

is injurious or otherwise so far as the useful properties and,

more especially, the mechanical properties of the metal are

concerned. There can be little doubt that, within reasonable

Umits, the mechanical properties of a simple metal are better

the smaller the constituent crystals of which it is built up.

Under the tensile test, coarseness of structure usually results

only in a slightly lowered yield-point, while the ultimate

stress and the elongation are little impaired, although the

reduction of area at fracture is sometimes markedly less.

This, of course, refers to ductile metals and alloys, the

mechanical properties of brittle materials being relatively

unimportant. On the other hand, under both shock and fatigue

tests a coarse structure, even in a simple metal, gives unsatis-

factory results. The reason is easily understood, for the crystal

boundaries act as a species of strengthening skeleton ; at each

boundary a crystal is supported by its neighbours, since a

slip-band, for example, must change its direction—often in

two planes—where it passes from one crystal to another,

and if the stresses at work are such as to favour slipping in

one of these directions, they will not be so favourable for slip

in the other, so that the weakness of one crystal will be balanced

by the strength of another. Where the crystals are large,

single surfaces of slip or cleavage extend unbroken through
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relatively large areas, and fracture—particularly under shock

or fatigue—may be brought about under conditions which a

finer grained structure would have resisted. The whole state

of affairs is somewhat like the effect of a " break of joint
"

in brickwork or masonry ; within an individual crystal we may
compare the structure to that of bricks laid without break

of joint, but at the boundaries there is not only a complete

breaking of joint, but also a change in the direction of the

courses.

In connection with the effect of prolonged heating or annealing

on the general scale of the crystal structure, a further remarkable

feature is sometimes met with. This is a tendency which

whole groups of adjacent crystals appear to possess of assuming

a similar, although not strictly identical, orientation. Etching

reveals boundaries between the members of such a group, but

the boundaries only appear after somewhat deep etching, and

are then very fine, indicating that the difference of surface

level produced by the etching process is very small. On
straining or breaking such a piece of metal it is often found that

slips or cleavages run with very little change of direction

through the whole group, which thus behaves almost like a

large single crystal. An example of a cleavage shock fracture

in wrought iron which had attained this condition is shown in

Fig. 118, Plate XXVI., where straight cleavage edges running

almost unbroken through whole groups of crystals are clearly

shown. Such cleavages running almost unbroken through a

number of crystals have also been described by Stead (') as

occurring in certain mild steel sheets after rolling, although

their origin in that case was probably not connected with over-

annealing.

While examples of the evil effects of over-annealing are

most frequently met with in connection with iron and steel,

they occur equally in the case of copper and brass. There is,

however, in these metals a feature of the structure which tends

to mitigate somewhat the effects of a coarse crystal structure.

This is the occurrence of the twinned lamellte which are so con-

stantly found in metal which has been wrought and annealed.

Although essentially of the same crystalUne system as the

T 2
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parent crystals, yet the twinned regions do impose a change

of direction on planes of slip or of cleavage, so that these do

not have such a free and uninterrupted path as in a crystal of

similar size free from twinning. The_boundariea__of_jfcffiian-ed

regions do not contain any amorphous cement and, if one can

judge from their behaviour on anneaUng, they do not serve for

the storage of latent energy, since they do not tend to coalesce

on heating, so that their value from the mechanical point of

view is not so great as that of true inter-crystal boundaries.

The influence of prolonged heating

—

i.e., of over-annealing

or " over-heating "—on duplex alloys is considerably more

marked than in the case of simple metals. The tendency

towards alterations of structure, which result in the diminution

of inter-crystal surfaces, is quite as strong in the duplex alloy

as in the simple metal, so that the mere growth of crystal

size, quite apart from the arrangement of the two constituents,

takes place exactly as in a simple metal, and with much the

same results. The mechanical properties of such duplex

alloys, however, usually derive their importance, in the manner
already explained in the previous chapter, from the proper

juxtaposition and co-operation of two constituents of unequal

hardness and ductUity. In such an alloy we have, in fact, a

ductile and relatively weak constituent supported and " held

up " to its work by the interspersed crystals of a harder

material, while this harder material is in turn prevented from
undergoing brittle fracture by being firmly embedded in the

softer constituent. Ideally, these effects would be at their

maximum if the two constituents were mixed in the most
intimate manner, so that the most desirable structure is one

in which each of the two constituents is present in the smallest

possible crystals whUe the two constituents are evenly mingled.

When, however, a duplex aggregate is exposed to prolonged

heating, there is not only the change in average crystal size

to be looked for, but also a more or less rapid segregation of

the two constituents. As the crystals of the predominant
constituent grow they necessarily push before them the crystals

of the second phase, until two or more of these meet and coalesce

into a larger crystal. Not only this ; when a duplex structure
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is formed, whether by sohdification from the liquid or by

Beparation from a sohd solution, the second—and usually the

harder—phase is left occupying the points where the crystal

boundaries of the primary phase meet, and frequently thin

layers of the hard phase extend some Uttle way along the

inter-crystal boundaries, thus forming a network which is

closely inter-connected with the crystals of the softer con-

stituent. The tendency to reduce boundary areas which

comes into play on heating, however, rapidly alters this arrange-

ment ; the crystals of the harder phase tend to assume rounded

or polygonal outlines and to retract any outlying arms, thus

very materially lessening the interlocking between the two

constituents.

Changes of this kind, with their accompanying deterioration

in powers of resistance, particularly to shock, are readily

observable in all duplex alloys, including such materials as the

brasses containing the a and jS phases, certain aluminium-

copper alloys, and in many types of bronze. The most im-

portant and, in many ways, the most interesting case is that

presented by steel. The thermal treatment of steel, however,

is governed by several considerations of a somewhat special

kind, so that a section of this chapter will be completely

devoted to it.

The special features in connection with steel which affect the

whole question of heat-treatment are : first, the duplex

character of the " hard " constituent, i.e., of pearlite, and,

second, the critical points and the corresponding constitutional

and structural changes through which steel passes on heating

and cooling. In view of these latter, it is desirable to discuss

the behaviour of steel under two separate heads, according as

the temperatures involved lie below or above the critical

range

—

i.e., the hnes EG, GI, HI and ID of the diagram

(Fig. 64, p. 161), which represents the constitution of the iron-

carbon alloys.

At temperatures considerably below Ar^, represented on the

diagram by the line HIJ, the annealing of steel is slow, but if

the temperature of Ar^ is closely approached

—

i.e., in the

neighbourhood of 700° C.—a material amount of structural
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change is produced. This is exactly of the general type

indicated above, resulting in an increase in the size of the ferrite

crystals and a bjJIing up of the ^pgarhte into larger, rounger

masses with more sharply defined edg^. This is the first stage

of the process," but, owing to"the peculiar nature of pearlite,

the process can go a step further. Pearlite consists of laminae

or grariule_s_aLcementite embedded in ferrite ; this laminated

or granulated structure, however, is solely due to the manner in

which this constituent separates from its matrix and, as a matter

of fact, when very slowly cooled, steel shows no laminated

pearhte. The laminated or granular structure can also be

destroyed IT^the steel is exposed to .prolonged heating at a

^Eemperature approaching 700° C, provided that the steel has

been raised to that temperature without first passing through

the critical point. This last condition simply means that the

steel must be exposed to prolonged heating while in the pearlite

condition. If this is done, the laminae or granules of c^entite

gradually retract and " ball up '' intojajger granules, while the

ferrite with which they were formerly interlardedTbeconies incor-

poruted with the adjacent primary ferrite crystals,. The result-

ing structure consists of ferrite with some cementite scattered

among it, either in isolated rounded lumps or in the form of

layers OT films in the cryitaT boundaries^ An example of the
~

laEteFstructure is shown in Fig. 119, Plate XXVI., taken from

a steel boiler-plate which cracked in use. Both these structures

are extremely undesirable. The cementite, when present as

isolated balls or lumps, is of very little use to the steel, which

then possesses merely the properties of pure ferrite having a

coarse structure—these, of course, being far from equal to

those of a mild steel having a correct structure. Where the

cementite lies in filaments in the crystal boundaries it is apt

to play the part of a mere weak and brittle cement, much as

the bismuth did in Arnold's experiment with gold (see p. 256).

When in the condition of pearlite or Sorbite, where cementite

is intimately associatedwith layers of ductile ferrite, the inherent

brittleness of cementite is largely neutralised, and the hardness

of the duplex constituent—^pearlite—^is well adjusted to stiffen

and support the ferrite matrix of a mild steel. Cementite by
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itself, however, ia not only excessively hard and brittle as

compared with ferrite, but it is also too small in quantity and

bulk to serve as an efficient stiffener. Its presence in the

isolated state thus becomes a source of weakness rather than of

strength. The behaviour, both under test and in service, of

steels having this " free cementite " structure is now well

recognised to be most unsatisfactory. Fortunately the pro-

longed heating of steel to a temperature near 700° C. is not

often Hkely to occur, and, if steel has accidentally been treated

in that way, its normal structure can be restored by the use of

the method of " heat refining " to be described below.

It should be added that in the case of very mild steel,

containing only very small amounts of carbon (0-10 per cent,

and less) the influence of Ar^ and Ac^ is small, and the effect of

pearlite or cementite on their strength is also less important.

Consequently, up to the temperature of the line EG, of the

diagram Fig. 64, these steels behave very much like simple

metals and undergo gradual coarsening when heated for a

prolonged period. As Sauveur has shown, when the steel has

been exposed to one particular degree of strain, the subsequent

growth of its crystals at these temperatures is exceptionally

rapid. On the other hand, the very pure electroljrtic iron

recently studied by Stead and Carpenter (*) does not appear to

undergo any marked crystal growth within this range of tem-

perature. These curious facts serve to show that our under-

standing of the causes at work in crystal growth is by no means

complete.

We have now to consider the structural changes which result

when steel is heated above the temperature of Acj {i.e., above

the Une EGI of Fig. 64). We shall confine ourselves to steels

containing less than 0-90 per cent, of carbon, i.e., to the hypo-

eutectoid^eteels. In their condition before heating these steels

will generally be in the condition of ferrite vlus pearhte. although

the normal arrangement of these constituents may be seriously

distorted as the result of cold work or strain. On heating such

steel above the temperature of Acg which, according to the

carbon content will vary from 900° C. to 720° C. approxi-

mately, the ferrite at once undergoes the allotropic change to
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the condition of y iron, and, since cementite is soluble in 7 iron,

the cementite pjeseiit^in^th^ lajmeUae .of..M9:rJJî -Q ^^ "'^"^ begins

to diffuse into.ih,SLyiron._ At first this diffusion results in the

amalgamation of the ferrite and cementite lamellae or granules

of the pearlite itself, but this stage is usually accomplished

during the process of heating-up, since the ferrite in contact

with cementite undergoes thg allotrQpis_jE]iaJiaaJa,^-iroa at

much lower temperatures

—

i.e., as^oon^as jbhe_steeMbas_been

raised above Ac^. After a time, whose exact length is not

accurately known, since it necessarily varies according to the

scale of the initial ferrite-cementite structure and also in

accordance with the effects upon the rate of diffusion which are

undoubtedly exerted by some of the common impurities of

steel, the diffusion process is completed, and the steel wUl

consist of an aggregate of homogeneous crystals of the y iron

solid solution.

The transformation of the ferrite from the a tjo_ the y state.

However, quite apart from the influence of adjacent carbon in

lowering the transformation temperature, does not occur

suddenly or uniformly throughout the mass even of a single

ferrite crystal. What really takes place is the growthof
crystals ofjthe jiew.jjhase—y iron--atJ:he expens^of_theJi^riie_

or ferrite 'plus cementite. Now the growth of such new crystals

commences at a considerable number of points, and, as a rule,

these points will lie in the boundaries of the existing ferrite

crystals, principally because these boundaries are hkely to

contain particles of cementite or of pearlite here and there

whose presence facilitates the beginning of the transformation.

The result is, however, of vital importance, for it foUows that

while the new y iron structure has some relation to the pre-

viously existing ferrite, this relation is not one of numerical

equality—i.e., there will, as a rule, be a number of new crystals

of 7 iron in place of each pre-existing ferrite crystal—and, if

the latter have been large, then the corresponding crystals are

likely to be fairly numerous. At all events, the new 7 crystals^

mUjjwhen first formed-. at ajtemperature just above Ar^, b^ more

numerous and smaller than the pre-existing ferrite^

Xike any other variety of crystals existing in a metal at a
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relatively high temperature, these newly-formed crystals, if

maintained at a temperature above that of Ar^, will begin to

grow, and the growth will be more rapid the higher the tempera-

ture. If therefore, steel of this kind is kept at temperatures

above the critical range for any considerable time, or even if

for a short time its temperature is raised above 900° C, a

coarse structure is rapidly developed in the 7 iron solid solution.

If the steel is then slowly cooled,j^e^transfnrmaitJQa. nf .thfi.-y,-

irpn .-SaUd_ sohition into...thfL normaLJigmte:*e£dikL.££ni£ture

takes place during the passage through the critical range :

th^events which took place on heating are now to some extent

reversed^ and the resulting ferrite and pearhte crystals^are

soinewhat_niota nunieirQUS--than~tha,3(Lin:tH,.oryatiala frQHUEhich

they have been formed. On this reverse transformation,

Btiwever, a proce"^ of rejection takes place, the dissolved iron

carbide bemg pusnea out ot solution in the y iron to form the

cementite lamellae of the pearlite . In such a process the

presence of nuclei is of vital importance. Such nuclei may
possibly exist in the form of traces of undissolved cementite

remaining from the original structure, but this is only hkely

to occur if the steel has not been overheated, since prolonged

exposure to a high temperature should result in the complete

solution of the cementite. In that case nuclei may be furnished

b2i;jTfl.];tir,1fis "f impmity-menhaTiinally enclosed uTtEFsted] It

has in fact been shown by Ziegler (^) that such particles can and

do act as nuclei and play ah important part in determining

the structure of a steel. If this is the case, we may meet with

instances where a very similar tjrpe of structure is formed

repeatedly after successive heatings and coolings to tem-

peratures beyond Acg. Kroll (^°) describes some experi-

ments in which this took place. As a rule, however, the

action of such foreign nuclei is not very prominent, and the

new structure formed on cooling is directly dependent as to

scale and arrangement on the y iron structure from which it

springs.

The processes which have just been outlined are of

practical importance in two ways. First, we find that by
" overheating " steel, i.e., by exposing it to unduly high



282 STUDY OF PHYSICAL METALLURGY

temperatures, or for too long a time to any temperature above

Acj, the growth of a very coarse y iron structure results, and

this, on coohng down, gives rise to a correspondingly coarse

ferrite-pearlite structure. Not only this, but the arrangement

and forms assumed by the pearlite which is formed from such

steel is characteristic ; thereisji_strong^^tendency_for the ferrite

to take the form of straightJ)ands_with,filQ33SSt-ed^JJjL4 sharply

angular jgatches of pearlite between Jhem, the ferrite Easels'

frequgjitlaL c£QSS^ing„ane another at angles of 60'^'^'Tms is a

structure very similar to that found in steel ingots as cast, or in

steel castings which have been annealed. A typical example is

shown in Fig. 120, Plate XXVI. Such a coarse, sharply angular

structure is, of course, extremely undesirable ; there is a mini-

mum of interlocking between the ferrite and the pearlite, and

the straightness of the arrangement facihtates the propagation

of slip or cleavage through the crystals. Such structures are,

in fact, frequently met with in steel objects which have failed

in service. Under test they generally exhibit some degree of

weakness as regards shock and alternating stresses, but their

tensile strength and elongation are frequently quite satisfactory.

The most typical feature, however, is a decided drop in the

jdeld-point as compared with that of the same material in a

more normal condition. The use of steel showing this type of

structure is, of course, to be strongly deprecated wherever

strength and reliability are of importance.

The second practical application of our knowledge of the

processes of re-crystallisation which occur when steel is heated

and cooled through the critical range lies in the process known
as " heat refining." Steel possessing an undesirably coarse

structure may have to be dealt with, whether it be found in the

form of castings or of overheated material, or as a product of

special processes, such as case-hardening, where prolonged

exposure to high temperatures is unavoidable. Even ordinary

forged or rolled material—particularly if finished too hot—may
stand in need of having its structure refined. This can be
done by making use of the re-crystalHeation processes which
occur as described above. By rapidly heating the steel to a

temperature just above Acg, maintaining it there for a time



THE THERMAL TREATMENT OP METALS 283

only just long enough to allow the whole mass of material to

attain the temperature, and then cooling as quickly as practic-

able, the maximum refining effect is obtained. From the de-

scription given above, the mechanism of this process can be

readily followed ; only in rare cases does the presence of foreign

bodies acting as nuclei serve to interfere materially with such

a refining operation. While rapid cooling is desirable in order

to secure that the pearlite shall be formed as far as possible

without any " balling up," actual quenching is neither necessary

nor desirable for the purpose of heat-refining itself—the

temperature of Arg being decidedly too high for safe quenching

of any but small pieces of steel. If there is a case to be

hardened, as in case-hardened objects, or if, for other reasons,

it is desired to convert the peailite of^the steel into Martensite_

or Troostite, this is best done by re-heating the steel to a

temperature just above Acj^ . cooling, down to just above Ar,,

and then quenching^__,

There is one condition of steel, more or less akin to simple

over-heating, which does not permit of restoration to a satis-

factory condition by any form of heat treatment. This is

what is known as " burnt " steel, and is the result of heating

to an excessively high temperature. The explanation of

" burning " now usually accepted is that it occurs when the

steel is heated to a temperature above that of the solidus curve

AD of the constitutional diagram, Fig. 64. It is supposed

that when incipient fusion occurs in the boundaries of the

crystals an opportunity is given for furnace gases, and more

especially oxygen, to invade the steel and to oxidise the crystal

boundaries, and thus to render the steel permanently weak and

brittle. Whether this explanation be correct or not, the micro-

scope shows in burnt steel the presence of foreign matter,

probably oxide, at points corresponding to the location of the

boundaries of the large iron crystals which existed at the time

when the steel was excessively hot. These traces cannot

be removed by heat treatment, and, although the general

structure may be refined, the brittleness along these old

boundaries is never removed and the steel is only fit for

re-melting.
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In the discussion of heat treatment which has here been given,

attention has been confined to pure carbon steels, and, even

in regard to these, no attempt has been made to follow the

exact details of the genesis of the various features to be met

with in the micro-structure of steel as variously treated. Some

reference must, however, be made to the thermal treatment

which is of vital importance to the newer varieties of steel, in

which other elements, such as nickel, chromium manganese,

vanadium, titanium, and, finally, tungsten and molybdenum are

introduced in notable and, sometimes, in very considerable pro-

portions. It is impossible within the limits of an introductory

volume to enter upon the wide field of the metallography of

these alloy steels, but it is not too much to say that their

practical value is very largely, if not entirely, dependent upon

a knowledge of the proper thermal treatment to be appHed to

them. The use of these alloying elements has given us the

power of influencing the position and relative importance of

the critical points in low-carbon steels, and, in consequence,

we are able to obtain materials which are still in the range of

stable existence of 7 iron at the ordinary temperature ; others

again are in an intermediate or " Martensitic " stage in which

they are capable of attaining great hardness, while in others

the fundamental properties of the ordinary constituents of

carbon steel are so profoundly modified that we are practically

dealing with a new material, although microscopically it may
still be " ferrite " or " Austenite." The study of the correct

thermal treatment of these complex steels is thus obviously

a matter of considerable difficulty ; in many cases the true

causes at work are not yet understood, and results are

obtained on empirical lines—a certain form of heat treat-

ment being found to yield the desired results. The study

of these ternary and quaternary alloys by the methods

of Physical Metallurgy is being steadily taken up, and in

time it may be confidently expected that we shall have as

sound and complete a knowledge of their transformations,

and a correspondingly certain command over their properties

and treatment, as we now enjoy in the case of pure carbon

steels.
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CHAPTER XIII

THE MECHANICAL TREATMENT OF METALS, INCLUDING

CASTING

In this chapter, under the heading of " Mechanical Treat-

ment of Metals," we shall deal briefly with those processes

which are employed in order to bring metal into the shape or

form in which it is required. The majority of these processes

are strictly spealdng " mechanical," in that they depend upon

the direct application of mechanical forces or agents to the

metal. For the sake of convenience we propose, however, to

include the process of " casting " under this head, for although

in that process the mechanical

—

i.e., the hydrostatic—pressure

of molten metal is employed in order to bring the material to

the shape of the mould, yet casting is not usually regarded as a
" mechanical " process. Castings, in the form of ingots, how-

ever, form the starting-point for all rolling and forging processes,

and many of the qualities of the ingot are of vital importance to

the final result.

While, in general, the primary object of all the processes to

be considered here is the production of a definite shape or form,

these processes exert a great influence upon the internal

structure and mechanical properties of the metals to which they

are applied, and it is largely from that point of view that they

will be considered here, as bearing upon the correlation of

constitution and structure with strength.

In regard to the process of casting, we shall leave on one

side the whole art of the foundry in regard to the design and
construction of moulds and all matters connected with the

furnaces for melting the metals. Although these matters do
not lie outside the scope of Physical Metallurgy, their treatment

is best relegated to a special treatise dealing with that branch

of the subject. Here we are concerned principally with the
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effects of the casting process upon the constitution, structure

and properties of the resulting material.

Two totally different types of " casting " must be distin-

guished at the outset. In one, which is the essential province

of the founder, the casting itself is the final product, and

—

subject to some thermal treatment, such as subsequent anneal-

ing—the properties of the material are those which it receives

as it solidifies from fusion. In the second type of " casting
"

the object which is directly produced from the molten metal is

merely a step in a long process ; the ingot is to serve as the

starting point for the production of rolled, forged, drawn or

otherwise wrought material. In consequence of this difference,

the methods and aims of the processes employed vary very

widely between the two types of " casting." It must be

pointed out, however, that in many respects the long and

costly processes of " working " metal are rendered necessary

by the imperfection of the cast material itself—^its internal

structure requires thorough refining before it reaches the

requisite standard, whether of strength or ductility. Modern
practice, always tending to seek economy by reducing the

number of manipulations, is constantly seeking to produce by
direct casting, products which could formerly be obtained only

by more complicated and costly methods. The great growth

of the " malleable castings " industry is a striking example of

this kind, while recently in Sweden the production of large

steel castings has been pushed so far that it was thought

possible to produce guns of fairly large calibre by casting

direct ('). The production of very satisfactory crank-shafts

for marine engines by casting alone is claimed as a commercial

success in certain Continental works.

For a given material, the constitution and structure of any

casting will depend almost entirely upon the rate of cooling,

and principally upon the rate of solidification which the metal

has undergone in the mould. In castings of our first type,

which are to be used as such, it is obviously important to

secure the best possible structure by securing the correct rate

of coohng. For the majority of materials the best rate of cool-

ing is simply the most rapid rate that can be employed without
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producing cracking or warping of the casting. Thus it is

almost universally found that metal from the same pot cast in

" chill " moulds yields a far finer structure and better mechanical

properties than the same material cast in a mould made of sand.

A " chill " mould, being meide of metal, conducts the heat away
rapidly and leads to rapid sohdification, while the sand mould
is a poor conductor of heat and keeps the metal hot for a long

time. Exceptions to this rule occur in metals which undergo

one or more critical transformations during cooMng, and in such

cases it may be necessary to avoid that suppression of such

changes which too rapid a rate of coohng might bring about.

A typical example of this kind is found in cast-iron, whose
structure and constitution varies very markedly according to

the rate of coohng. If the iron is cooled rapidly, particularly

if it contains little siUcon, the formation of graphite during

the first stages of sohdification is prevented by casting in a chill

mould, with the result that the iron when cold consists of

cementite and pearhte, or even Martensite-Austenite. This

constitutes what is known as " white iron," which, but for the

usual impurities, is practically a very hard high-carbon steel.

Such chiUed iron has its important uses, and in other cases its

great hardness is not objectionable, but where the castings

have to be cut or machined, this hardness would render them
useless.

Even apart from the effects of chiU moulds, or of chills

locally introduced in order to produce special effects, the rate

of coohng or of sohdification of a casting can be regulated to a

considerable extent by controlhng the temperature of the metal

at the moment of pouring. A high casting temperature, quite

apart from other disadvantages attaching to it, reduces the

rate of sohdification, because the excess heat of the metal ia

communicated to the mould before the freezing-point of the

metal is reached, so that the thermal capacity of the mould is

largely exhausted before solidification begins. The resulting

very gradual solidification causes not only a very coarse

structure, but allows of the occurrence of serious segregation,

the more fusible portions of the alloy tending to rise into that

part of the casting which is the last to sohdify. It is, therefore
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an almost universal rule that casting temperatures should be

kept as low as possible, consistent with adequate fluidity of the

metal to allow of the proper filling of the mould.

Not only is it desirable to keep down the temperature at

which metal is poured into the mould, but any overheating of

the molten metal should be avoided, although, if it is allowed to

cool down to the proper temperature before pouring, the greater

part of the harm is avoided. None the less, there seems to be

some ground for thinking that metals which have been thus

over-heated tend to develop a coarser structure than would

otherwise be the case. There is also a considerable likelihood

that the metal will be injuriously affected as regards chemical

composition during such over-heating. It must be borne in

mind that there is a constant tendency to estabUsh a state of

chemical equilibrium between the molten metal and any

substances with which it is in contact. When very hot, the

chemical actions due to this cause are much intensified, and
many metals absorb or reduce some of the constituents of the

crucible, stirring or skimming rods, etc., with considerable

avidity. The absorption of silicon by aluminium or its alloys,

when heated in a crucible containing any form of sihcates, is a

typical example. The metal is, moreover, in contact, not only

with the walls of the crucible or furnace, but also with the

furnace atmosphere. The absorption of gases by hquid metal

appears to increase with increase of temperature—^this depar-

ture from the laws which govern the solution of gases in liquids

such as water, is probably due to the fact that the metals form

loose compounds' with such gases as hydrogen and nitrogen.

The gases thus absorbed are frequently retained by the metal

until crystalhsation sets in, when the gases are hberated and

render the casting unsound.

While rapid cooUng of castings through the freezing range is

eminently desirable from many points of view, a Mmitation is

imposed in many cases by the circumstance that contraction

stresses will produce fracture or warping if too great a rate of

cooling is adopted. These stresses arise if the inner layers of a

casting are still fluid while the outer layer has already become
sohd and rigid. AH metals undergo changes of volume at the

P.M. V
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moment of solidification, and if a fluid core is contained in a

solid envelope, severe stresses must be set up as soon as the

core begins to solidify and endeavours to change its volume

in accordance with its normal behaviour. The outer shell

wiU resist any such change of volume, whether it be expansion

or contraction, and severe stresses wiQ be set up, which may
easily restdt in fracture. The manner in which a casting is

allowed to cool will also affect its behaviour in this respect

;

if the relative rates of cooling of thick and of thin portions are

equalised, much more rapid rates can be adopted than would
otherwise be permissible.

The shape of a casting, quite apart from either the character

of the metal or the other circum-

stances of casting, exerts a con-

siderable influence on the resulting

structure, since the shape frequently

regulates the manner in which cool-

ing occurs, and thus determines the

directions in which the most rapid

flow of heat takes place during solidi-

flcation. Now, it is a universal fact

that crystals always grow along the

Mnes of heat flow, the growth taking

place in the direction opposite to that

of the flow. The reason for this

behaviour on the part of the crystals is readily understood
when we realise that in a fluid metal whose temperature
is at the freezing-point each crystal will continue to grow
in aU directions until it meets with the growing arms, or
" dendrites," from an adjacent crystal. Now consider a
mass of cooling metal whose cross-section is circular, repre-
sented as the outer circle in the diagram of Fig. 121. In
such a mass the centre will be at the highest temperature,
and we may draw as isothermal lines

—

i.e., lines of equal
temperature at any moment—the circles 1—2—3 4, Fig. 121
each representing a fall of temperature of—say 5° C. Now
take the instant when the outer layer, represented by the outer
circle, just reaches the freezing-point. At a number of separate

Fig. 121.—Diagram of Iso-

thermals in a Cylindrical
Kod while Cooling.
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points in this circle, crystal nuclei will spring into being more
or less simultaneously, and each will begin to grow outward in

all directions. In the direction radially outwards this growth
is arrested by the walls of the mould, and parallel to the

circumference of the circle the growing arms of adjacent

crystals soon meet one another and put a stop to further

extension of individual crystals in that direction. Only in

the direction radially inwards is there room for unimpeded
growth. There the metal is, at any instant, too hot to allow

of the formation of fresh nuclei and, as each successive layer

cools to the freezing-point, the advancing dendrites of the

circle of existing crystals occupy the area.

This process of growth in directions at right-angles to the

isothermal surfaces, or contrary to the lines of flow of heat,

governs the crystalline arrangement of all castings so far as a

fringe around their external boundaries is concerned. The
depth of this fringe will depend upon the rate of cooling, since

the process, as described above, continues so long as the

temperature gradient is steep enough to ensure that the layer

which is at any instant at the freezing-point is never thick

enough to allow of the formation of any considerable number
of fresh crystal nuclei. In castings of moderate thickness this

state of affairs usually persists until the whole of the metal is

solid, and the casting is seen to consist of crystals growing

inwards from the sides. When the casting is thicker, however,

a period is reached when the temperature-gradient becomes very

slight in the interior of the metal, which is still molten. In
these circumstances a large number of independent nuclei spring

up in the liquid, and each of these grows in all directions, thus

producing a mass of approximately equi-axed crystals. Thick
castings, therefore, usually consist of fringes of crystals growing
inwards from the outer boundaries of the casting, with a large

mass of equi-axed crystals forming the centre or core. An
example of this kind, taken from a casting of lead, is shown
in Fig. 122, Plate XXVII.
An important feature in the crystalline structure of castings

is that which is met with where sharp angles, and, more
particularly, re-entrant angles, occur. The arrangement

172
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assumed by the crystals in such a case is that illustrated in

Fig. 123, Plate XXVII.,wherewe seethe two systems of "fringe"

crystals meeting at right-angles. Such a structure is known to

be weak, and castings frequently crack at such sharp corners.

This is often ascribed to the existence at such points, of surfaces

where a number of crystal boundaries all he in one plane. We
know, however, that crystal boundaries are not in themselves

sources of weakness, but rather the reverse, and the true

explanation of weakness at such points must, therefore, be

sought elsewhere. Actually, several sets of circumstances

conspire to render such re-entrant corners weak. In the

first place, if we draw the

isothermal surfaces, as

sketched in Fig. 124, for

such a portion of a casting,

we see at once that, close to

the corner, the heat con-

ducted into the mould from
one of the cooling surfaces

which forms one branch of

the angle must retard the

cooUng of the adjacent sm:-

face and vice versd ; there-

fore the isothermals must
curve inwards towards such

a corner. It follows that the

metal actually at the corner will, for every successive layer, be
the last to soKdify. The metal at these points will, therefore,

still be liquid when the remainder of the corresponding layers

is already solid, and, as these already solid parts tend to contract

as they cool, there is an obvious tendency to produce shrinkage

cracks at these points where the metal is weakest, because
hottest. There is also a tendency for gases and other impuri-

ties to be forced into these positions, and thus to assist the other

forces in bringing about local injury.

The simple cases which have been discussed above serve as

sufficient examples of the principles which apply to the
behaviour of castings during solidification. If we can

Fig. 124.—Diagram of Isothermals
at a Ke-entrant Angle ia a Cool-
ing Casting.
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draw the isothermals representing the cooling process—and

their general outline can usually be inferred from the shape

and conditions of cooling of the casting in each particular case

—we know at once the direction in which fringe crystals will

grow. The isothermals themselves practically indicate the

successive stages of solidification, since the edge of the solidified

portion at any moment is necessarily an isothermal—viz., that

of the freezing-point. Strictly speaking, the arguments here

set forth apply only to the solidification of a pure metal,

every portion of which undergoes solidification at one tempera-

ture ; in practice, however, the majority of alloys behave

in a very similar manner. In the case of most solid solutions

the freezing-range is short as compared with the temperature

gradients met with in solidifying metal. In eutectiferous

alloys the comparatively tardy solidification of the eutectic

tends to accentuate most of the effects due to unequal cooUng

and contraction. Incidentally, this method of considering the

isothermals of a cooUng casting will also enable those interested

to work out the effects of special features, such as the insertion

of local " chills " in sand moulds or other devices for producing

local rapid or slow cooling. It is only necessary to bear in

mind that the isothermals are close together where cooling

is rapid, and far apart where it is slow, in order to be able to

sketch with some accuracy the shape of the isothermals for

any given case.

The various points discussed and, in a few instances, illus-

trated here can be demonstrated in a very simple manner by
moans of an ordinary piece of good tin-plate having a fairly

thick coating of tin. By heating a portion of such a plate

over a flame, the tin can be melted, and it will then solidify

very much as if it were a section of an ingot ; if left to itseff

crystals of the " fringe " type will grow inwards, giving a

structure typical of a small ingot cast in a chill mould. Other

types of crystallisation, illustrating the relation between

crystal growth and isothermal lines, can be readily produced

by local chilling or heating, and the effect on the resulting

structure watched. This structure is readily revealed by
etching the tin surface with strong hydrochloric acid or some
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other suitable reagent, the crystals thus revealed being amply

large enough to be visible without magnification. An example

of the structures produced in this way on tin-plate is given in

Fig. 125, Plate XXVII.
The structure and constitution of a casting cannot always be

rendered satisfactory, since in large masses of metal the rate of

cooUng is not under ready control. In the particular case of

steel, the structure can be refined by the process of " heat

refining " described in the previous chapter, and such treatment

has a further advantageous effect in altering the maimer in

which impurities, notably sulphides and phosphorus, are dis-

tributed in steel castings, thin inter-crystalline films becoming

coagulated into small and relatively harmless globules. It must

be noted, however, that the process of heat refining is almost

entirely confined to steel. It is entirely inapplicable to metals

or alloys which do not undergo a critical transformation result-

ing in the crystallisation of a new phase. In the case both of

brass and bronzes of certain compositions such critical changes

do exist, but their power of producing a refining effect on the

structure is smaller than in the corresponding case of steel (*).

In the case of ingots, whose shape is subsequently to be

altered by v/orking, the exact character of the internal structure

appears to be of less immediate importance than in ordinary

castings which are to retain the shape in which they solidified.

Yet, even in ingots, for forging or rolhng, certain features

resulting from the casting and the solidifying process are

of great importance. The actual size and arrangement of

the crystals, although it does affect the ultimate structure of

the wrought material, is of secondary importance, but the

mechanical soundness of the ingot is vitally important.

We have already seen that metals, on freezing, are apt to

become porous, or to contain cavities of various sizes from two
distinct causes, one being the liberation of gases and the other

the shrinkage or contraction of the metal. The liberation

of gases can be minimised by keeping the temperature of the

molten metal as low as possible, but, even then, some gas

appears always to be liberated on freezing. On the other hand,
the shrinkage of the metal during freezing cannot be prevented,
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and the only course which can be adopted is either to secure

that all the shrinkage shall take effect in one part of the ingot,

or in an attached " header " or " riser " from which hquid

metal is allowed to run into the mould, thus " feeding " the

ingot as it solidifies.

The exact nature of these actions has, perhaps, been most

fully studied in steel, partly because the very large ingots

which are habitually cast in that metal exhibit these phenomena

on a correspondingly large scale. The phenomena occur,

however, equally in all alloys. In the case of steel, the question

of gases can be largely reduced by allowing the metal to remain

in the furnace until it is in perfectly quiet fusion or " dead

melted." If this is not done, it imphes that the chemical

actions of the refining furnace, which lead to the generation

of gases, have not been completed, or at least that the gases thus

generated have not been allowed time to escape from the metal.

It is probable that the action of aluminium in rendering steel

" quiet in the mould " consists in stopping these chemical

actions ; the metallic aluminium reduces any iron oxides still

present, and the alumina thus formed is incapable of reacting

with the carbon still present in the steel ; the generation of

carbon monoxide or dioxide is thus at once arrested, and the

steel becomes quiet. The aluminium may also exert a purely

physical effect in assisting the internal circulation or " feeding
"

of the ingot ; at all events, the net effect is that steel which

has been treated in that way forms a perfectly sohd ingot

so far as small scattered cavities or " blow-holes " are con-

cerned, but, on the other hand, a deep central cavity or " pipe
"

is formed. When an ingot is subjected to roUing, if it contains

numerous small cavities, these are closed up, and at worst

appear as fine longitudinal tubes in the finished steel—^in many
cases the surfaces of such blow-holes are sufficiently clean to

become welded together during rolling or forging. In other

cases, however, they leave discontinuities in the steel, and these

are dangerous in the finished material. On the other hand, the

deep central " pipe " of an otherwise solid ingot can never be

removed by rolling—^nor even covered up—and the steel-maker

is reduced to cutting off as scrap the whole of the piped portion
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of the ingot. The maker of steel ingots is thus placed between

two serious difficulties, and many efforts have been made to

develop a system whereby ingots could be obtained which,

while solid, shall yet be free from any deep pipe. Among these

the Whitworth process of " fluid compression," in which the

steel is exposed to intense hydrauUc pressure during sohdifica-

tion, is well known. Such treatment wiU undoubtedly close

all small shrinkage or gas cavities, and to some extent it also

prevents the formation of a pipe as a result of contraction and

internal " feeding." It is, however, a very costly process,

particularly as regards the plant required. Almost equally

costly is the " Harmet " process of ingot compression ; in

this process the steel is poured into a conical ingot mould

whose thinner end is upwards. By means of suitable hydrauKc

presses, the steel, as it solidifies, is slowly driven upwards into

this mould, so that it is slightly " wire-drawn." The result

is a compression of the sohdified shell of the ingot and a gradual

squeezing out of the still liquid core. The resultiag ingots

are very perfect in every respect, but the cost of the plant and

the time occupied make it impossible to use this process except

for special work. Recently, Talbot (^), has suggested a process

in which the compression of the outer solid shell of an ingot,

while the interior is still fluid, is accomphshed by passing the

ingot in this state through the roUs. There is, of course, the

obvious risk that the shell may burst and the hquid contents

squirted out into the miU. Apart from this, the process

appears to be a promising one, although proofs of its practical

value on the large scale have yet to be obtained.

Another method for obtaining sound ingots is that described

by Hadfield {*), in which the upper portion of the ingot-mould

is developed into a very small furnace, burning charcoal fuel

in a blast of air, thus keeping the top of the ingot very hot

and fluid, with the object of providing a " head " of liquid steel

from which the interior of the shrinking ingot below may be
freely fed.

For the non-ferrous metals such processes have been worked
out in a few special cases, but, as a rule, in these industries the

ingots are used as they are formed by simple cooUng. Owing



MECHANICAL TREATMENT OE METALS 291

to the smaller size of the ingots, and the fact that the value

of the metal itself is so much higher in comparison with the

cost of re-melting it than is the case with steel, the whole

question has never attained that degree of importance which it

has assumed in the steel industry. A study of the methods

of the steel industry in this respect would, however, be of

undoubted value to those who have to deal with other metals,

and it is unfortunate that the somewhat arbitrary distinction

often drawn between " ferrous " and " non-ferrous " metals

and their treatment tends to keep the two branches of metal-

lurgy distinctly out of touch with one another in such matters.

Apart from the question of mechanical soundness in an ingot,

the casting and solidification processes exert a powerful

influence on the character of the final product in regard to the

distribution of the constituents and impurities. It may be

well to point out here that metallographic examination has

fully proved that the changes of form which are imposed upon
an ingot by subsequent working are participated in by each

small section of the ingot, so that the relative positions of

different parts remain as undisturbed as possible in the resulting

product

—

i.e., the metal which formed the core of the ingot

forms the core of the finished bar, or rail or forging, and
similarly for the skin and intermediate parts. If, therefore,

there is a marked difference of composition between different

parts of an ingot, there wiU still be similarly marked differences

between the corresponding parts of the finished piece—there is

no " mixing " action in the hot or cold working of a metal,

except in regard to a certain amount of diffusion, which, how-
ever, generally merely affects the minute structural constituents,

but not the composition of any considerable regions of metal.

Our insight into the process of sohdification is sufficient to

explain why and how differences in the chemical composition in

different parts of an ingot may arise. The principal factors are

that the ingot undergoes solidification in a certain succession,

the peripheral and, usually, the lower portions freezing first

while the inner and upper portions are still hquid. But solidi-

fication occurs in stages or succession, not only in regard to

position in the ingot, but also in regard to chemical composi-
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tion. The materials usually cast in ingots are not pure metals,

and, therefore, consist of portions having different freezing-

points. Solidification, therefore, begins by the separation of

the least fusible constituents—those whose crystals are

deposited when the " liquidus " of the particular alloy present

is first passed. These crystals, as they grow, push before them

the more fusible constituents. This separation, however, will

be very far from complete, yet a certain definite concentration

of the more fusible constituents must and does occur. It

follows that the portions of an ingot which solidify first contain

an excess of the primary metal, while the last portions to solidify

contain a larger proportion of eutectic and other relatively fusible

constituents. In this way the phenomenon known as " segrega-

tion " is produced. This makes itseK very strongly felt in such

a complex body as steel, in which relatively fusible impurities

are always present ; in a comparatively simple metal like brass,

on the other hand, where the whole freezing-range is short and

fusible impurities are not usually present, segregation is not an

important feature. Each material must, however, be con-

sidered and examined on its merits in this connection.

The prevention of segregation in alloys where it occurs to

a serious extent is always a difficult matter. Rapid cooUng,

which does not give the materials time to separate appreciably,

is one remedy, but this is frequently inapplicable. The surest

remedy is the alteration of the composition of the metal in

such a way as to lessen the total freezing-range. As a rule

this simply amounts to the careful removal of impurities,

particularly of those which produce a relatively fusible con-

stituent and thereby increase the total freezing-range of the

alloy—since, from this point of view, impurities must be con-

sidered as component members of the alloy system in question.

In some cases, as, for instance, by the operation of the Harmet
press referred to above, it is possible to squeeze out the most
fusible and most impure portions of the metal, and in other

cases the drastic remedy of severely " cropping " the ingot

and thus cutting to waste the most segregated portions of

the metal can, and must, be adopted. The difficulty of elimi-

nating segregation and its evils is, however, very considerable,
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and increases rapidly with increasing size of the masses of

metal to be dealt with.

We now pass on to consider some of the mechanical operations

by which the ingot is brought into the desired shape or form.

These operations may be applied to the metal either while it

is hot, and then constitute "hot working," or while it is cold.

A mere distinction by temperature, however, is unsatisfactory

for this purpose, since a temperature of 400° C. is such as to

constitute " hot " working for an aluminium alloy, while it

would imply cold working for steel. The real basis for a

rational distinction between hot and cold working lies in the

effects which the operation produces. We know now that at

all temperatures the apphcation of strain

—

i.e., of forcible

changes of shape—results in certain processes within the metal,

such as deformation by slip accompanied by more or less

movement at the crystal boundaries and a more or less consider-

able disturbance of the molecular arrangement at all surfaces

where displacement has taken place. The vital distinction

between hot and cold work, however, lies in the fact that at

high temperatures a compensating annealing action is con-

tinually taking place, allowing the disturbed molecules to

re-assume a crystaUine arrangement, and thus constantly

tending to re-establish the normal condition of an aggregate

of equi-axed crystals in the metal, even while deformation

is going on. The rate at which this annealing action takes place

will, of course, depend, in a given metal, upon the temperature.

At a sufficiently high temperature the rate at which the crystals

are re-formed and grow will be as rapid, or even more rapid,

than that at which they are disturbed by mechanical deforma-

tion. If the working operation is stopped at any instant and
the metal is allowed to cool down from such a high temperature,

there will be no direct signs of the application of work, i.e.,

the metal will be completely annealed and will consist of an

aggregate of equi-axed crystals. These crystals will be very

small compared with those of the original ingot, for example,

because the crystals have been deeply disturbed, and those

finally present have only been allowed a very short time for

their formation and growth, but there will be no signs of
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distortion and no mechanical hardening effect which could be

removed by subsequent anneaUng.

If now we lower the working temperature, a point will be

reached where the rate of annealing is no longer rapid enough

to obliterate the effects of progressive deformation or working.

If such metal is cooled down, there wiU be signs of distortion

and of strain-hardness. Such metal wiU be capable of softening

by subsequent annealing. In such a case we see the beginnings

of " cold work." In the great majority of industrial rolling

and forging operations the process of working is continued down
to a temperature well below the hmit at which this stage is

reached, so that all ordinary wrought metals show signs of

" cold work " and are more or less strain-hardened. This

condition, due to what is known as a " low finishing tem-

perature," is, however, still far removed from the extreme of

cold working which is met with in hard-drawn wire or cold-

roUed sheets, where very large amounts of deformation have

been appUed in the cold deliberately with the intention of

producing strain-hardening.

The considerations which have just been indicated serve

at once as a guide to the nature of forging and rolling operations.

At very high temperatures large deformations can be applied

without hardening the metal, simply because continuous

re-crystallisation undoes the work of straining. On the other

hand, this same process of re-crystaUisation wiU set in unchecked

the moment that the deforming process is stopped, so that a

rapid coarsening of the structure is likely to result, even during

the mere gradual cooling of any large mass of metal. For

that reason it is generally desirable to continue the working

operations until a moderately low temperature is reached.

This will result in slight strain-hardening of the metal, but will,

at the same time, prevent the growth of coarse crystals. The
slight strain-hardening thus introduced is not in any way
objectionable, since the apparently raised yield-point or elastic

limit which it causes is readily recognised and allowed for

when the material is tested—a coarse crystalline structure

is a much more serious disadvantage in a material. It should

be noticed here, also, that the temperature at which strain-
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hardening will set in depends upon the rate of deformation

to wliich the metal is subjected. To a given temperature

belongs a certain rate of annealing or re-crystallisation ; if

the amount of deformation applied per second is so large

that re-crystallization cannot reorganise the crystal structure

before deformation is repeated or continued, then strain-

hardening sets in. The influence of the modern rapid methods

of roUing and working metal thus generally tend to the intro-

duction of strain-hardening at finishing temperatures which

would be amply high enough to leave the metal completely

soft if slower methods of working had been employed.

The lower limit of temperature to which ostensible " hot

work " can be pushed is thus defined by the amount of strain-

hardening which is permissible in a given case. An upper

limit also exists. In the first place, the majority of metals

cannot be raised above a certain well-defined temperature

without " burning " them. We have already referred to this

matter in relation to steel, but a similar limitation applies to

most metals and alloys—viz., that it is not safe to heat them
above the temperature at which the " solidus " curve of the

constitutional diagram is crossed—and in impure commercial

alloys this often lies as much as 100° C. below the temperature

of the solidus in the pure binary system to which the alloys

ostensibly belong. In pure metals the solidus, of course,

coincides with the liquidus, and there is thus no risk of " burn-

ing " a really pure metal in the usual sense of the word, although

excessive heating will bring about great oxidation—in some

metals—and disintegration will follow. Even apart from this,

however, all metals become extremely weak and brittle close

to their melting-points, so that much lower temperatures

should always be adopted for purposes of hot working.

Our existing knowledge of the behaviour of metals under

deformation, when applied slowly and quickly respectively,

affords some insight into the effect of rapid hot working, as by
hammering or rolhng, and the slower process of forging in the

press. Under the hammer there is a sudden application of

stress and, unless the metal is at such a temperature that the

viscous resistance at the crysta,! bQundaries is exceptionally
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low, the deformation will take effect chiefly within the crystals,

producing a maximum of slip and a minimum of displacement

of the crystals as a whole. With steady, slow deformation as in

a press, the reverse is likely to be the case if the metal is in a

really soft condition. Rolling occupies a somewhat inter-

mediate position, since the deformation, although rapidly

applied, is sometimes applied in very numerous and gently-

graded stages. Most industrial roUing processes must, how-

ever, be regarded as applying deformation by something much
akin to shock . How far the differences in the internalmechanism

of deformation affect the resulting structure is not yet known,

and it is not a matter upon which we have anything to

guide an anticipation. That there are differences between

materials forged under a hammer or under a press is well

known, but the internal mechanism by which they are set up,

once the original deformations have been applied, yet remains

to be discovered. The whole subject of the behaviour of

metals when deformed at high temperatures has only been

taken up quite recently (^), so that further important results

may weU be anticipated from continued research on those

lines.

Although we have said above that the annealing action which

occurs in hot metals " undoes " the effects of the straining

actions of hot working, this is true only with certain limitations,

as there are some effects which ordinary annealing does not

readily remove. These effects are in reality nothing but internal

changes of form, just as the general change of shape is an

external change of form. If, for instance, an ingot contains a

core of different composition which lies as an ellipsoidal mass

in the original ingot, this ellipsoid will be elongated into a rod

with slightly tapering ends when the ingot is rolled out into a

long bar or rod. Now if this is done at a high temperature, or

if the roUed bar is afterwards annealed, although the crystal

structure will be restored to that of an equi-axed aggregate,

the core of different composition will not be restored to its

original position or shape. If now a longitudinal section of

such a bar is examined and traces of the elongated rod-like core

are found on the sectipn, these traces will be symptoms of the
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work to which the metal has been subjected. Rightly regarded,

however, such a trace of deformation is neither more nor less a

trace of working than is the elongated shape of the bar itself.

What we have just said of a single central core or layer of

different composition applies necessarily also to a considerable

number of distinct layers of different composition, so that

ultimately we may expect to find even certain of the micro-

constituents arranged in long lines or rods in a piece of metal

which has been hot-rolled or forged. In such cases each

individual crystal of these constituents is restored to its equi-

axed condition by annealing, but ordinary annealing does not,

and cannot, undo the longitudinal distribution of the various

particles of the different constituents. Such longitudinal

distribution must not, in itself, be taken as a sign of " cold

work "—the only really sure sign of cold work, i.e., of

deformation which can be in a sense "undone" by annealing,

is that of elongated individual crystals.

The disposition of the constituents in elongated lines or

threads is most frequently met with in duplex alloys, such as

mild steel, or in the a -f /3 brasses ; in a pure metal there can,

of course, be no such disposition of constituents, and the same

apphes to any simple solid solution. The case of steel is

peculiar, since that material, at high temperatures, is a homo-

geneous solid solution in which two separate constituents do

not exist. The hot working of steel is, however, usually

continued down to temperatures well below Ar^, with the

result that, during the later part of the operation, the material

already has a duplex structure, and the pearlite can and does

arrange itself in longitudinal Jines, which are not obhterated by

ordinary annealing, particularly if the steel is not taken into

the y-iron range. We may thus have, and indeed frequently

find, steels in which all traces of cold work have been removed

by anneahng at moderate temperatures, but in which the pearHte

is still arranged in long lines . An example of this kind is seen in

Fig. 126, Plate XXVIII., where the etching has been carried far

enough to show the outlines of the ferrite crystals whose equi-

axed forms indicate the absence of serious strain-hardening.

These longitudinal distributions in rolled materials are not
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confined to structurally distinct constituents, but may be

traced in regard to substances which are present in soMd

solution, but which were not uniformly disseminated in the

original ingot. In the case of steel, phosphorus occurs typically

in this way, being present in solid solution in the ferrite of the

ingot, but in the form of solid-solution cores, so that the

phosphorus content of each crystal increases from its centre to

its periphery. When rolled out, these crystal cores assume

the form of elongated masses, and, although the ferrite itself

undergoes complete re-crystalhsation, possibly repeatedly,

there is nothing to cause the phosphorus to migrate except

the process of diffusion, which is particularly slow in that case.

The result is that in the finished material the phosphorus-rich

ferrite still remains in long bands or streaks, and these bands

pass indifferently through numbers of individual crystals

—

indeed, an individual crystal may lie partly within and partly

outside one of these bands—the growing ferrite crystal has

simply used the material it found at hand, whether rich in

phosphorus or not. The existence of these bands has been

clearly shown by Stead (^), who develops them on the poHshed
surface of steel by the process of heat-tinting. The phosphorus-

rich bands do not oxidise at the same rate as the rest of the steel,

and the bands appear as regions of different colour. The
author and Haughton C) have recently shown that the same
effect may be produced by the electro-chemical deposition of

copper from a solution of ferric chloride and hydrochloric acid

containing a small amount of copper chloride. This reagent

develops the banded structure of steel containing phosphorus
in a striking manner, as illustrated in Fig. 127, Plate XXVIII.
The striking persistence of these bands, not as a matter of cold

working, but as an indication of actual displacement, apart

from crystalline structure, is clearly shown by an experiment
made by the author. A typically banded steel was subjected
to a Brinell ball impression ; a section was then cut and
polished, and the manner in which the impress of the ball has
displaced the bands is clearly seen in Fig. 128, Plate XXVIII.
The piece of steel was then very thoroughly annealed so as
to remove all strain-hardness and to allow of complete re-
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crystallisation ; a second photograph (Fig. 129, Plate XXVIII.)
shows the distorted bands still in existence. Such bands
can, in fact, only be removed by a sufl&ciently prolonged

heating, allowing diffusion to take place, which would render

the distribution of the phosphorus uniform and thus remove
the banding completely.

A somewhat striking fact in connection with the hot working

of metals, which deserves mention at this point, is the circum-

stance that while, of course, there are many metals and alloys

which do not permit of working, either hot or cold, there

are also some which, while readily workable in the cold, are

quite brittle when hot, and, therefore, cannot be subjected to

hot working. 1 The best-known examples of this kind are the

zinc-copper aUoys (brasses) which contain less than 30 per cent,

of zinc. This fact is the more remarkable since other alloys

containing a soUd solution of the a tjrpe, mainly consisting of

copper, are readily worked hot ; the aluminium-copper alloys

are a good example of this land. In the zinc-copper series

the possibility of hot work again arises as soon as the yS soUd

solution appears in the alloys, in spite of the fact that, in itself,

the ^ body is a much harder material than the a sohd solution.

This anomalous behaviour of the brasses suggests that there

may be a transformation in these alloys occurring at some

temperature between that at which they are ductile and that

at which they become brittle, which accounts for the change,

but there is no thermal evidence for such a change, and no

miscroscopic evidence has as yet been obtained. The matter

is one, however, which has not been exhaustively investigated,

although it is a subject which would well repay careful study.

In some cases where alloys which are ductile in the cold prove

to be brittle when hot—and such cases are really rare—

a

transformation is always known to occur which results in the

appearance, at high temperatures, of a brittle phase not present

at low temperatures. The alloys of nickel, zinc and copper,

known as " German sUver," also become brittle when hot and

are always rolled and drawn in the cold.

• See also p. 145 and footnotp.

P.M. X
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The general mechanism of cold working has already been

considered, both in our general treatment of the plastic

deformation of metals in general and in connection with our

discussion of the respective meanings of the terms "hot " and

"cold "work. But little need be added here. The cold work-

ing of the more ductile metals, owing to its convenience and

cleanness, and the possibility which it presents of producing

finished articles in large numbers by such processes as drawing,

stamping, spinning, etc., possesses very great practical import-

ance. Not only is the process employed for the purpose of

bringing metals into the desired shape, but the hardening

effect of the operation is also relied upon to give to otherwise

soft metals the hardness and stiffness requisite for many
purposes.

Wh'ere the strain-hardness of cold-worked metal is merely

required to afford stiffness for small articles, and where

—

generally—^it is not a question of resistance to serious and

continued stresses, the utilisation of strain-hardness is perfectly

legitimate and rational. In some cases—particularly in the

case of cold-drawn wires—^the artificially induced strength

appears to be more or less permanently reliable, although

even there, in the case of wire ropes subjected to repeated

bending, fatigue failures occur owing to the circumstance that

as regards alternating stresses strain-hardness is of no avail.

More serious are those cases where rods of hard-drawn or cold-

rolled alloys are employed for such purposes as bolts or in other

positions where they are called upon to carry important

loads. Practical experience in such cases confirms the conclu-

sions to be drawn from research data, that the extra " strength
"

due to strain-hardness cannot be safely relied upon for continued

resistance, particularly where stresses are alternating or

intermittent. The best recent practice shows a strong and

highly rational tendency to avoid the use of any material which

has been severely cold-worked, unless it has been subsequently

annealed in such a way as to remove strain-hardening more or

less completely.

The behaviour of various metals and alloys under the action

of cold working varies very widely, the amount of plastic
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deformation which can be safely employed without inter-

mediate annealing depending partly upon the actual ductility

of the annealed metal and also upon some other properties

which are not yet well understood. It is not always the
material which shows the greatest " ductility " under a tensile

test, for example, which will " stand " the greatest amount of

cold working. The actual size of the crystal structure appears
to exert an important influence, extremely small and very
large crystals being apparently aUke unfavourable to the appli-

cation of a large amount of cold work.

Excessive cold working makes itself felt in various

characteristic ways, according to the shape and nature of the
metal object which is being formed. A typical case is that of

a rod or wire which is being reduced in diameter and increased

in length by " drawing " through

a draw-plate. In this process the

metal is drawn through a hole,

which tapers in the direction of

drawing in such a way that the

metal is caused to flow as it passes

through the hole. In this operation, xi ,oa -o ^,.,..,.,,,. ,. „ Fig- 130.—Rod passing
which IS indicated diaggramatically through a Drawing-die.

in Fig. 130, the outer skin is not

only extended longitudinally, but is at the same time subjected

to considerable radial pressure. This pressure serves to " hold

up " the outer skin and to enable it to endure a larger amount
of deformation than the material could withstand in the absence

of such support. When such a rod or wire is too severely

treated it follows that fracture takes place in the interior

relays, and it usually occurs at the centre where the metal is

furthest removed from the supporting effect of the external

pressure exerted by the sides of the hole. The result of these

internal fractures is that the rod or wire " draws hollow " the

internal portions breaking up into short lengths, although the

outer skin may remain completely intact, as indicated in the

sketch. Fig. 131. Such "over-drawn" or "hollow-drawn"

material is, of course, useless and cannot be restored by
annealing or by mechanical treatment. Somewhat similar

x2

s



308 STUDY OF PHYSICAL METALLURGY

although less perfectly defined, effects are also produced when
the cold-rolling of sheet metal is pushed too far, the effect in

that case generally taking the form of an exfoliation of the

sheet, thin layers peehng off or crumbling away. In many
cases, however, in the case of sheet metal, cracking at the

edges occurs before this stage is reached.

A question which cannot as yet be answered with entire

certainty is, whether metals which have been extremely

severely strain-hardened as the result of cold work can or do

undergo any degree of spontaneous anneaUng or re-crystaUisa-

tion in the course of time, even without any elevation of

temperature. There can be no doubt that in the case of the

softer metals, such as lead, tin, cadmium, etc., spontaneous

annealing at the ordinary temperature takes place with con-

siderable rapidity. On the other

^^

hand, so far as iron and steel are

{""^p^^ '}> ^ ^ )^ '?

concerned, the evidence is entirely

in the opposite sense ; no signs of

Fig. I31.-Diagram of the ^^y spontaneous anneaUng or re-

Longitudinal Section of crystallisation in these metals have
HoUow-drawn Rod or ^^^j, ^een observed, and, in view of

the fact that definite annealing does

not occur in these metals until a temperature of 500° C.

is reached, it is hardly to be expected that any notable

rate of re-crystallisation or of annealing can exist at the

ordinary temperature. In regard to metals and alloys

of an intermediate type, the state of affairs is somewhat

doubtful. The most important case is that of brass, such as

that used for the manufacture of cartridge cases. These, if

excessively hardened during the stamping process, and particu-

larly if stored in hot climates, such as that of India, exhibit

a tendency to what is known as " season cracking," the brass

becoming fissured in a way which suggests that a change of

volume, i.e., a contraction, has taken place. This phenomenon
is explained by some observers as a result of spontaneous

anneahng or re-crystallisation taking place slowly in the

course of months or even years, and accelerated by the slightly

elevated temperature. Such " season cracking " is also met
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with in other articles made of cold-worked brass, but very often

these are articles which have been placed in positions where

a decided rise of temperature has been experienced—as, for

instance, in the chains of a gasolier—while similar articles

kept in stock in a cool place have remained sound. Cohen (*)

accepts the view that spontaneous annealing does occur in

extremely strain-hardened brass, and that rapid re-crystalhsa-

tion can be induced in such metal at the ordinary temperature

by " innoculation " with a piece of the same metal in the

fully crystalline condition. In some experiments described by
that author an etched surface of annealed brass was pressed

against the surface of a piece of cold-rolled brass, and local

re-crystalhsation of the latter resulted at the points of contact.

Cohen calls this—somewhat fancifully—the " strain disease
"

of metals, but his views have not yet attained general accept-

ance, and the whole matter requires much further investigation.

Meanwhile it is well, however, to bear in mind that excessively

strain-hardened metals are apt to develop cracks and faults,

and that, at best, strain-hardness is not a particularly reliable

factor in constructive or other work.

Under the heading of the mechanical treatment of metals,

and more especially under that of the " cold working of metals,"

must be included yet another class of operations which are

applied to metals on the most extensive scale, viz., the cutting

of metals by means of tools of every description, but usually

by what are known as machine tools. The operations of cutting

tools have for their purpose the shaping of metal objects, and

frequently also the production of a finished surface required

for various purposes. In most respects the operations of

cutting are matters which concern the engineer who has to deal

both with the finished products which are turned out by the

machine tools and with these machine tools themselves. The

manner in which the tools actually operate on the metal is,

however, a question of Physical Metallurgy.

The action of all cutting tools may fairly be described as

depending upon the production, over very small areas at a

time, of stresses severe enough to produce local failure or

breakage—generally by crushing—of the metal which is being
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worked. In the ordinary type of edge-tool this concentration

of stress is brought about by the sharp edge of the tool. This

really constitutes a very small area of contact, at any instant,

between the tool and the work, and, since the whole pressure

of the tool is concentrated on this minute area, the locally-

developed stress attains a very high intensity, resulting in

local fracture by crushing or shear, or both. That such

crushing or shearing action really exists may be demonstrated

by preparing a micro-section through the " root " of a cut

taken by a machine tool, such as that used in a lathe. This

can be done by suddenly withdrawing the tool while in action

and then cutting a section through the " root " of the turning

which was being removed. A photo-micrograph taken in this

way is reproduced in Fig. 132, Plate XXIX., where the defor-

mation of the structure of the steel in the vicinity of the cut

can be readily traced.

It is easily understood that the sharper the tool and the

lighter the cut, the more completely locahsed will be the

straining effects of the applied stress. If, on the other hand,

very heavy " cuts " are taken with heavy tools whose edges

are comparatively large in area, very large forces must be appHed

to the tool and to the work, and a much wider region of dis-

turbed and strained structure will result. Thus, the opera-

tions of shearing and punching are really extreme cases of the

operative process in all machine-tool cutting, but, owing to the

fact that in these operations large masses of metal are removed

simultaneously, the applied stresses are not so minutely

concentrated, and relatively large regions in the vicinity of the
" cut " are seriously strain-hardened. This is the reason why
the material in the neighbourhood of punched holes or of

sheared edges is always brittle—a circumstance long known
to engineers ('). The presence of this strain-hardened material

is the more injurious because it exists in the middle of, or at

all events closely associated with, the general mass of normal

material, while its properties are so materially different that

the two cannot act together in resisting stresses, and cracks

are hable to be developed in the strain-hardened regions.

In the case of light cuts taken with sharp tools there is Uttle
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or no strain-hardening of adjacent layers—or, rather, the

strain-hardened layer under the machined surface is extremely
thin and its mechanical effects may be neglected. The modern
•development of high-speed steels, however, has brought about
the practice of taking exceedingly heavy cuts at high speeds,

and where this is done the thickness of the strain-hardened

layer becomes much greater. Whether, even in cases of ex-

treme practice, this layer ever becomes thick enough to be of

mechanical importance has yet to be ascertained, but it is well

worth noticing that the difference between machining and
shearing or punching is one of degree rather than of kind, and
that the acceleration of the machining processes tends to make
them approximate in their effects to those of shearing and
punching. Should the development of high-speed cutting be

carried considerably further than is at present the case, this

aspect may become a serious one.

The behaviour of various metals and alloys under the action

of cutting tools is well known to differ widely ; some materials

are easy to machine, a good surface can be produced upon them,

and the cutting of screws or other more or less delicate work is

readily executed. In other materials, machining is difficult

;

smooth surfaces cannot be readily produced, owing to the

tendency of the metal to tear up or to clog the tool.

" Machinery brass," which usually contains a notable propor-

tion of lead, is an example of an easily machined metal, while

pure aluminium and pure copper are both examples of

difficult metals. The difference is, in reality, very simply

explained by differences in ductility. In an extremely ductile

metal the very severe local stresses produced by the edge

of the tool are not sufficient at once to cause local fracture

by crushing or shear—the soft and ductile metal flows even

under this extreme local pressure, and the effect is to clog the

tool, which tends to " dig " into the metal or to tear it up in

flakes. In order to machine well a metal must possess a

certain degree of brittleness, which will allow it to fracture

readily and cleanly under the stresses applied by the cutting

edge, thus leaving a freely-curKng turning to flow away from

under the tool. That this explanation is correct may be
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inferred from the fact that a small addition of an embrittling

element immediately improves the machining qualities of an

otherwise difficult metal. Ordinary soft brass is rendered

slightly brittle, and enormously easier to machine, by the

addition of a few per cent, of lead ; aluminium is rendered

distinctly less ductile by the addition of 15 or 20 per cent, of

zinc, but such an addition suffices to convert one of the most
difficult metals, from the machining point of view, into one of

the best and easiest. Even in the case of mUd steel, the normal

ductility of the pure, or approximately pure, iron-carbon

alloys is too great for easy and rapid machining in automatic

machines for the production of screws and bolts, and for that

purpose a " special " steel is sometimes employed which is

intentionally kept high in phosphorus content ; this, by
slightly increasing brittleness, greatly improves the behaviour

of the steel under the machine tool.
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CHAPTER XIV

DEFECTS AND FAILURES IN METALS AND ALLOYS

In the course of the general survey of the more important
aspects of Physical Metallurgy contained in the preceding

chapters, frequent opportunities have occurred for referring to

injurious results which are liable to follow upon certain forms

of treatment, or, rather, of maltreatment of metals. Since the

more detailed study of the physics of metals is intended, so far

as the practical point of view is concerned, to aid in lessening

the liabiUty to defects and failures, this treatment of the subject

throughout the present book is obviously justified. On the

other hand, there are several important classes of defects

whose nature and origin has either not been discussed or has

not been dealt with to the extent which their importance justi-

fies, so that a summary of the whole subject from this point of

view is required.

Throughout our treatment of the constitution and structure

of alloys we have intentionally confined our attention to the

pure alloys, and have, for the sake of simplicity, left impurities

out of consideration entirely. In practice, however, impurities

are of very great importance, since the art of the metallurgist

who is concerned with the purification of metals is not suffi-

ciently advanced to afford a commercial supply of really

" pure " metals, although the materials at present available are

far superior to those which had to be employed some twenty

years ago. Curiously enough, it seems that this increase in the

purity of metals, employed either as such or in alloys, has not

proved an entirely unmixed blessing ; in certain industries diffi-

culties have arisen which are commonly ascribed to the

" excessive " purity of the modern metal. There may be a

sound basis for such a view in some cases, but this simply

means that the material formerly employed was really an
" alloy," i.e., that the particular impurity present exerted a
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avourable influence on the resulting metal, and that the purer

metal from which this alloying influence is removed has

ceased to be equally satisfactory. In such cases the diffi-

culty can generally be overcome by seeking the exact nature of

the difference between the modern and the old " pure " metal

and making a suitable alloying addition, if that be found

necessary.

In general, however, the term " impurity " is employed to

denote a chemically " foreign " element which may be present

in a metal or an alloy, and which exerts a more or less injurious

influence on the resulting material. Such impurities may be

either metallic or non-metallic elements present as such, or

they may be compounds. The nature of their action depends

upon whether they exist in one or other of the three possible

states, viz. :

—

(a) As solid solutions
;

(6) As separate constituents crystallising from the metal or

alloy ; or

(c) As mechanical enclosures or suspensions.

In the case of the two former classes of substances, which are

generally other metals or metalloid bodies (such as phos-

phorus, silicon, etc.), the impurities are in reality additional

constituents of the alloys, and their effects are of the same
nature as those of the intentionally added elements—they

really make the material an alloy of a more complex order,

whose constitution and properties require careful investigation.

Within the limits in which they occur in practice the effects of

such impurities are in most cases well known, and, although

there may well be considerable differences of opinion as to the

proportions of various impurities which are admissible in

materials required for specific purposes, there is general agree-

ment that a definite limit to the allowable proportions should

be set. In some instances this is accomplished by the specifica-

tion of certain mechanical properties in the final material,

while in other cases direct chemical analysis is required. There

seems to be little doubt that the latter is much the safer course,

and in those cases where the imposition of a chemical analysis

in a specification has been shirked this is probably due to the



DEFECTS IN METALS AND ALLOYS 315

influence of manufacturers who find it difficult to maintain the

standard of purity which analytical results would demand.
Mechanical tests depend upon many factors besides the chemical

composition in regard to impurities, and direct determination

of every important factor is surely the only sound plan.

To enumerate the various impurities which are ordinarily met
with in the whole range of industrial materials would be impos-

sible in this book, so that reference will only be made to a few
typical cases. Of impurities which exist in a state of solid

solution, in iron and steel, phosphorus and silicon are the most
typical examples. The injurious influence of phosphorus on
mUd steel is well recognised, and speciflcations demand that

the proportions present shall not exceed a Hmit which is flxed

in the case of the most important class of articles, such as axles,

tyres, springs, etc., at the low figure of 0-035 per cent., while for

steel rails as much as 0-080 per cent., and in some cases even 0-10

per cent., is allowed. It would be difficult to believe that such

a small proportion of phosphorus, if uniformly disseminated in a

state of solid solution in the ferrite of a mild steel, could produce

any seriously injurious effect. Two factors must, however, be

borne in mind. In the first place the phosphorus is present,

not as free phosphorus, but as iron phosphide, FeaP, so that

every 0-10 per cent, of phosphorus involves the presence in the

steel of 0-48 per cent, of iron phosphide. Further, this iron

phosphide is not uniformly disseminated throughout the steel.

When the solid solution first crystallises from fusion the typical

process of core-formation takes place, and the phosphorus is

concentrated in the peripheral parts of the first large crystals

which are formed. As has already been pointed out, when
such material is rolled or forged, these phosphoric portions

are elongated and the phosphorus retains this distribution, thus

forming the typical banded structure which has already been

illustrated (see Fig. 127, Plate XXVIII.). This condition implies

that the phosphorus concentration in certain portions of the

steel may be from four up to as much as ten or twelve times as

great as that indicated by the average value furnished by

analysis, and it is these higher local concentrations which lead

to failure under test or in service,
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In the non-ferrous metals, impurities which exist in solid

solution are not frequently met with, although in copper there

is reason to believe that a small proportion of arsenic remains

in that condition. Opinions as to the value, or otherwise, of

arsenic in copper are very much divided ; some EngUsh

metallurgists claim great advantages for arsenical copper, and

require an arsenic content of not less than 0-35 per cent, in

such materials as copper for fire-box plates in locomotives, etc.

Others in this country, and the majority of foreign metallurgists,

regard the presence of arsenic as definitely undesirable and

prefer the use of pure copper. It is fairly evident, however,

that arsenic in copper cannot be regarded with anything hke

the suspicion which rightly attaches to phosphorus in steel.

Impurities which separate from solution in the molten

alloys and form distinct micrographic constituents are a much
more numerous class, particularly in the non-ferrous metals.

In iron and steel they are found only in cast-iron, where the

iron-phosphide eutectic is an important example of this type

of impurity. This constituent is characteristic of practically

all varieties of cast-iron, where it is seen generally in the form

of a granular eutectic differing slightly in colour from the

pearlite with which it is often associated. An example is shown

in Fig. 133, Plate XXIX. At times difficulty may be experi-

enced in distinguishing between granular pearUte and the

phosphide eutectic ; in such cases heat-tinting at once shows the

difference very clearly.

In the non-ferrous metals, impurities of this kind are met with

in almost every kind of alloy. Typical examples are the com-

pounds of iron and of silicon which occur in this way in even

the purest of commercial aluminium. An example of these is

shown in Fig. 134, Plate XXIX. In the case of copper, cuprous

oxide is soluble in molten copper and forms a well-marked

eutectic on freezing. The most injurious forms of impurity are

frequently to be found in this class, owing to the tendency which

often exists for such separate constituents to assume the form

of thin brittle walls or membranes surrounding the crystals of

the primary metal or alloy. The case of bismuth and gold

has already been mentioned (p. 256), while bismuth or antimony
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in copper produce a similar effect. Cuprous oxide, on the other
hand, does not tend to form membranes, and is consequently-
harmless if not present in undue proportion—^in fact, in ordinary-

commercial copper the presence of a certain proportion of

copper oxide is found essential to the good quality of the metal.
The class of impurities just discussed

—

i.e., those -which

dissolve in the molten metal, but separate as micro-con-
stituents on freezing—shade off, o-wing to the incompleteness of

our knowledge, into the remaining class, viz., those -which are

present in mechanical suspension both in the hquid and the
sohd state. The so-called " slag enclosures " of steel (sulphides

and silicates, principally of manganese) are of this kind, and
so are the majority of metalUc oxides and other compounds
(other than inter-metallic) present in metals. In many cases

it is impossible to state definitely at the present time -whether

these materials possess any real solubility in the molten metals

-within the range of ordinary -working temperatures. Yet
the point is of considerable importance, since if these

impurities are al-ways present in mechanical suspension, it

should be possible to secure their removal by some process

of mechanical separation, the simplest of -which is that of

allowing them to float to the top or settle to the bottom of the

molten metal, according to the relative densities of the metals

and the impurities. In the case of steel, the separation of

" slag enclosures " by this method has been successfully tried,

but it entails serious cost, and is, in practice, only effected in

the case of steels kept in quiet fusion in an electric furnace.

The mode of origin of the enclosures of steel (^) is of some
interest, as it is typical of that of the enclosures in other alloys.

Steel as it ordinarily leaves the open-hearth furnace or the

converter contains both iron oxide and iron sulphide, either

in solution or in suspension. Both these are extremely

injurious ingredients, and a reducing agent—ferro-manganese

—

is generally added to the steel in the final stages in order to

remove these substances. The result is the formation of man-

ganese sulphide or, more probably, of a mutual solution of

manganese and iron sulphides, and also manganese oxide, which

either takes up silica from the slag or the refractory lining, or
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combines with silicon, which may be present in the steel, to

form manganese silicate. If time is allowed, the globules of

manganese sulphide and silicate rise to the top and join the

slag to which they properly belong, but the finer particles only

rise very slowly, and a great number remain entangled in the

steel. Opinions still differ considerably as to the effect which

these enclosures produce on the mechanical properties of steel,

but in the author's experience a large number of cases of failure

in service have been directly traceable to the influence of these

enclosures. They are particularly harmful in steel which is to

be subjected to quenching operations, as hardening-cracks

frequently start from the larger enclosures. Typical examples

of such enclosures, taken from cases where failure has been

traced to their influence, are shown in Figs. 136 and 136,

Plate XXX.
The distribution of sulphide enclosures in steel is readily

studied by means of a process developed by Baumann C*) from

an earlier process of Heyn (^). This is known as "sulphur

printing " and simply consists in pressing against a roughly

polished surface of the steel in question a sheet of silver bromide

paper such as that used for photographic purposes. This

paper is previously soaked in a ten per cent, solution of sulphuric

acid in water and the steel is thus exposed to the action of the

dilute acid held in the damp paper. Under the action of this

acid every particle of sulphide which is exposed in the surface

of the steel is attacked and minute streams of hydrogen

sulphide issue from every such particle. The hydrogen sulphide

thus evolved acts upon the silver bromide, producing a dark

speck of silver sulphide opposite every particle of sulphide

present in the steel surface, and a direct contact print, generally

known as a " sulphur print " is thus obtained which clearly

indicates the distribution of sulphur in the steel. Since the

various impurities of steel generally segregate more or less

together, the appearance of a sulphur print serves as a guide

to the presence or absence of general segregation in the steel

as well as to the distribution of sulphur itself.

In non-ferrous metals the conditions with regard to suspended

impurities are somewhat different. Alloys such as brass or
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bronze are not, in modern practice, prepared by any process of

direct refining, such as that employed in the case of steel

—

the production of non-ferrous alloys is analogous rather to

the production of high-class steel in crucibles in which pure

materials are melted together in the desired proportions, and
little or no opportunity for the formation of enclosures on
any considerable scale can occur. Slag enclosures comparable

to those found in steel are, therefore, unknown in non-ferrrous

alloys. The presence of oxides, always in fine particles or

crystals, and sometimes in an exceedingly fine state of division,

is, however, a common feature of many alloys. The presence

of zinc oxide in brass, and of oxide of tin in bronze (*), is known
to render these metals " thick," so that they do not run freely

when poured into a mould. This is due to the fact that the

oxides which are present in a state of very fine division show
no tendency to rise to the surface or to flux off with materials

derived from the crucible or protective slag. Their removal

can, however, be effected by the introduction of some reducing

agent whose oxide is fusible, so that it will agglomerate into

globules large enough to float to the surface. In regard to

alloys of copper this question has already been discussed in

Chapter VII., pp. 152, 153.

Finally, before leaving the subject of impurities not dissolved

in the alloy, mention must be made of " accidental " impurities

which are sometimes found. Thus the writer has in his posses-

sion a rod of drawn brass in the centre of which an ordinary

three-cornered steel flle lies securely embedded. More serious,

because more frequent, are the impurities arising from the

attempted introduction into an alloy of substances which are

either incapable of entering into the metal at all or have not

been given long enough time or high enough temperature to

pass into solution. Sometimes such " additions " simply fall

to the bottom of the crucible and spoil the lower part of the

melt, but at other times they become disseminated through

the mass and affect it injuriously. Such cases generally occur

when attempts are made to introduce into ordinary alloys

any of the rarer or more refractory metals. The danger of

such an occurrence can, however, be guarded against if the
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principle is adhered to that in preparing an alloy in its final

condition materials of very widely different melting-points

should never be directly melted together. In such cases it

is most desirable to prepare intermediate " rich " alloys whose

melting-points approximate to one another, and, by mixing

these according to simple calculations based on the composi-

tion of each, to reach the desired final composition.

The defects of metals and alloys so far considered, viz., those

arising from the presence of " impurities," form one class of a

still wider group which embraces all defects whose nature is

that of an error of chemical composition, either local or general.

If the general average composition of an alloy is wrong, this

can hardly be described as a defect, since we are then in reality

deaHng with a totally different alloy. Yet such errors of com-

position are by no means unknown, and, apart from actual

errors of mixing, they are apt to occur to a greater or less

degree in consequence of actions to which alloys are exposed

during manufacture. Thus, during melting, losses of certain

metals may occur either by direct volatihsation or by oxida-

tion, or by both. The loss of zinc from brass at every melting

is a well-known example, while the elimination of carbon from

steel, both during oxidising melting and anneahng, is well

known.

Much more frequent than serious errors in general average

composition, are local differences of composition from one

portion of the mass to another, particularly in ingots and in the

wrought products derived from them. The origin of these

differences has already been considered, particularly in regard

to steel, in our discussion of the solidification of an ingot and
of castings in general. In non-ferrous alloys segregation may
occur in a totally different manner, viz., by the separation of a

constituent which appears at a relatively high temperature in

the form of isolated crystals or dendrites. These, if either

much denser or much Hghter than the mother-liquor in which
they are formed, show a strong tendency either to sink or to

float to the top. The separation of graphite from molten
carburised iron in the form of " kish " is a well-known example
of the latter kind, which is paralleled in non-ferrous materials
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by the tendency of the crystals of the antimony-tin compound
present in certain white bearing metals to rise to the top when
solidification begins. In certain lead alloys, on the other hand,

the primary crystallites of lead fall rapidly downwards through
the mother-liquor, forming a layer of almost pure lead at the

bottom of any slowly-cooled ingot. In some aluminium alloys

also, where relativelyheavy crystalline compounds of aluminium
with the alloying metal are formed, such segregation takes

place. In these cases the only method of prevention Mes in

chilUng the molten metal so as to bring about rapid solidifica-

tion ; there is then no time for such gravity-separation to

occur.

The sources of defects in metals which have been discussed

in the preceding pages may be grouped together as being
" congenital," in the sense that they are present in the molten

metal before its first sohdification and cannot be removed by
subsequent treatment—in many cases not even by simple

re-melting. The majority of other causes of defects, such as

those due to errors in thermal or mechanical treatment, may
be grouped together as " acquired," since they are not inherent

in the metal. These can always be remedied by re-melting,

and in many cases even by less drastic processes.

In the course of the discussion, in the preceding chapters, of

some of the principal processes to which metals are subjected

we have had frequent occasion to refer to the results which

follow on the more important errors of treatment ; consequently,

any detailed discussion of these causes of defects is hardly

required here. In order, however, to afford the reader some

rather more systematic insight into the sources of defects in

metals, an attempt has been made to tabulate these. This

tabulation does not claim to be exhaustive ; the field of

Physical Metallurgy is so large that it is impossible for any one

person to be completely acquainted with the details of aU the

materials and processes involved, and such an acquaintance

would be required in order to draw up a thoroughly exhaustive

tabulation of this kind. In some cases, therefore, it may well

be found that particular sources of defects which arise in some

particular material or process are not indicated in the table or

P.M. Y
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are included in a somewhat vague general group. All the more

important causes of defects are, however, at least represented

in the table. Where the previous treatment of the subject

referred to in any particular section of the table does not appear

to be sufficient to explain the nature of the actions referred to,

explanatory remarks have been incorporated in the table itself,

while in other cases references have been made to actual

examples which serve as typical illustrations of the more strik-

ing types of defects. In other cases, references to the pages of

this book in which the matter has already been dealt with are

given. The table may thus serve as a special index to the whole

subject of defects in metals in so far as these have been dealt

with in the present work.

Tabulation of the Causes of Defects and Failukes in Metals.

I.

—

Chemical Composition.

Errors in chemical composition may arise either from errors in the

original mixture or from actions occurring during melting.

(1) Larger errors in chemical composition may lead to :

—

(a) Unsuitable mechanical properties. This really amounts to the

use of a wrong material for a given purpose.

(6) Too low a softening or melting temperature, a defect which only

makes itseU felt in cases where the metal is exposed to high

temperatures or in special circumstances.

(c) Undue corrodibility (see pp. 328—333).

(2) Smaller errors of chemical composition may lead to :

—

(d) The formation of brittle impurities which may be

—

(i.) Suspended or mechanically enclosed (see p. 318).

(ii.) Structurally formed, sometimes as brittle inter-crystalline

envelopes (see p. 256).

(e) Variations in critical temperatures leading to subsequent abnormal
behaviour under thermal or mechanical treatment. This type
of defect appUes particularly to the class of " special " or alloy

steels.

II.

—

Treatment.

(A) Oasting.

(a) Overheating the molten metal, leading to change of chemical
composition either by loss through volatilisation, oxidation or

reaction with the containing vessel, etc. Absorption of gases,

with subsequent liberation during freezing, may also result.
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(6) Excessively high casting temperature, leading to unduly slow

cooling, coarse structure and liability to segregation (see p. 287).

(c) Too low a casting temperature, leading to incomplete filling of the

mould, " cold shuts " and similar defects.

(d) Inadequate cleaning or skimming of the molten metal, leading to

the admixture of slag or dross.

(e) Admixture of foreign matter from the mould, such as particles of

sand, gas bubbles, etc. These defects are due to bad moulds,

insufficient drying, inadequate " venting," or to unduly vigorous

pouring of the metal resulting in the disintegration of the surface

of the mould. The correct design of the pattern to suit the

metal employed also plays a part in this connection.

(/) Errors in the design of the pattern or the mould leading to " draw-

ing," unsoundness and shrinkage cracks (see p. 292). Here,

again, the adaptation of the pattern to the nature and pecuhari-

ties of the metal employed plays an important part, since

patterns which can be readily cast in one metal sometimes yield

unsatisfactory castings with other metals.

(g) In ingots the corresponding causes operate to produce piping,

blow-holes and segregation (see pp. 295—297).

(B) Hot Working.

(Forging, pressing, rolling, hot-stamping, etc.)

(a) Commencing at too high a temperature. The metal is then too

weak and brittle, andthe formation of cracks and fissures results

;

these are sometimes partially closed or covered over by subse-

quent operations, but reveal their presence when fracture occurs.

(b) Finishing at too low a temperature. This results in more or less

severe strain-hardening, which may or may not be objectionable

(seepp. 299—301).
(c) Excessively rapid deformation or " reduction." This may lead to

cracking of the metal.

(d) Too gradual an application of work. It is not certain whether

this leads to ultimate defects, but in modern industrial practice

it is not likely to occur, since the tendency is to accelerate all

operations to the utmost limit.

(e) Insufficient total amount of " work " or reduction. This is apt

to result from a desire to effect economy by the use of an ingot

which requires less forging to bring it into the desired final shape.

This results in a merely superficial working of the metal, leaving

the interior very coarse and weak. A typical case is illustrated

in Figs. 137 and 138, Plate XXXI., which show the micro-

structure of the outer shell and of the interior portions of a large

steel shaftwhich failed in service. Had the coarse internal

structure been due to over-heating it would have extended to

the surface and signs of serious decarburisation (see p. 326 (e),

below) would have been found.

y2
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(/) Defects arising from mechanical causes during hot working, leading

to such features as " laps," " rokes," etc., which result from the

partial welding up of fissures or of portions of metal which have

become accidentally overlapped. These defects should be

detected by inspection before the metal is taken into use.

{g) Defects due to working into the surface of the metal of scale or

other matter left on the surface during rolling or forging. WhUe
it is comparatively easy to brush away scale, etc., from the upper
surface of metal passing through rolls or under the press, scale

may adhere to the under side, which is not in view, and this may
become roUed or pressed into the surface.

(C) Cold Working.

The operations of cold working may produce defects by being :

—

(a) Too violent. The use of either too high a speed or of too great an
amount of reduction, either at any one pass or by a number of

successive passes appUed without intermediate annealing, may
be grouped together as unduly " violent " cold work. The
resulting defects are either cracks on the surface or at the edges

in the case of sheet metals, or in the case of rods or wires they
take the form of " hollow drawing." Sometimes an alloy is

employed for cold working which is reaUy unsuited to the pro-

cess, such as a brass containing any considerable quantity of

lead. If such a material is cold-drawn or roUed only very
minute cracks are formed, not visible at the surface, but readily

detected in other ways. As a general rule it may be stated that

cold working may be continued, without permanent damage to

the metal, so long as the tensile strength continues to rise.

(b) Too slight. This is not only a cause of defect in those cases where
the additional stiffness due to strain-hardening is rehed upon
(see p. 300), but may cause excessive superficial haxdening and
severe internal stresses.

(c) Unequal, portions of the same piece of metal being much more
severely treated than others. This leads to a state of severe

internal tension, and may lead to the development of " season

cracks " (see p. 308), or it may cause the metal to crack on
anneaUng, owing to the unequal rates of re-crystaUization in the

differently strained portions.

(d) Unintentional, inadvertent or accidental cold working. This

very frequently occurs in the fitting and erection of engineer-

ing objects, such as large boilers, bridges, roofs and other struc-

tures. Where things do not fit sufficiently well, they are " set
"

by forcible means until a fit is obtained. In other cases, minor
irregularities of shape or surface are abolished by such processes

as "hammer dressing." While such processes are employed,
as a rule, in good faith and in complete reliance on the known
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ductility of the material in question, the result is often a highly

dangerous condition of severe local cold-working and consequent

strain-hardening. The dangerous nature of such defects arises

from the inability of the material at those points to withstand

further deformation or working to Which it may be subjected,

and its inability to co-operate with the ductile material around
it. A striking example is illustrated in Fig. 139, Plate XXXI.,
which represents the structure of a locally severely strain-har-

dened portion of a steel plate which formed the domed end of a

vessel which exploded disastrously under steam pressure. The
fracture took place at the point where the severely strain-

hardened steel joined the surrounding ductile material. The
local strain-hardening in this case was due to an unduly severe
" fitting " operation in the workshop. The ill effects of local

strain-hardening also occur in connection With such operations

as punching and shearing (see p. 310).

(D) Thermal Treatment.

Annealing or Ee-heating may cause defects owing to being carried

out

—

(a) At too high a temperature, leading to

—

(1) " Burning," and

(2) "Overheating."

An example of " burning " in steel is shown in Fig. 140, Plate XXXI.,
which represents the structure of a portion of a steel shaft which

had been "burnt," the typical enclosure of oxide at the

boundaries of large grains or cells being well marked. An over-

heated structure taken from a steel forging which failed in

service is shown in Fig. 120, Plate XXVI.
(6) For too prolonged a period, even at a moderate temperature. This

treatment tends to cause an aggregation or " balling up " of

some of the most important micro -constituents, and especially

of euteotoid bodies such as the pearhte of mUd steel. A case of

failure resulting from such treatment is illustrated in Fig. 115,

Plate XXV., which refers to a boiler plate which developed

typically inter-crystaUine cracks. When etched with sodium

picrate, which stains cementite black, this steel is seen to con-

tain little or no pearhte, the cementite having become " balled

up " into inter-crystaUine masses. These appear as dark fila-

ments in Fig. 119, Plate XXVI.
(c) In an injurious atmosphere. Copper is injured by " gassing," i.e.,

by exposure at high temperatures to a reducing atmosphere (see

p. 272). In other metals an oxidising atmosphere is frequently

injurious, the oxidation and decarburisation of steel being well

known.
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Quenching may cause defects if it is carried out

—

(o) From too liigli a temperature. This results, in the case of steel,

in the development of a coarse martensitic structure with which

much brittleness is associated. Too high a quenching tempera-

ture also involves considerable risk of cracking and warping.

(6) From too low a temperature. In that case the entire operation

fails to attain its object, and the metal remains soft or otherwise

unaltered.

(c) Unequally, so that the rate of cooling is different for different parts

of the same object. This generally results in serious warping.

Even such large objects as heavy guns are quenched by vertical

immersion in a deep oil-bath in order to avoid cooUng one side

before the other.

(d) In an unsuitable bath. The quenching effect depends upon the

cooling power of the liquid as well as upon the temperature of

quenching, although the most powerfully cooling liquid cannot

compensate for too low a quenching temperature. In a liquid,

high specific heat, low viscosity and low vapour pressure tend

towards great coohng power. Water is therefore particularly

powerful, while mercury, in spite of a higher thermal conduc-

tivity, is far less effective.

Tempering may lead to defects if carried out

—

(a) At too high a temperature. The result is to remove the effects of

quenching too completely.

(ft) At too low a temperature, whereby the effects of quenching are

insufficiently removed, andthe metal (in the case of steel)remains

too brittle for its purpose.

(c) Unequally. This rarely occurs in small objects, such as tools.

Where, however, large masses of steel are subjected to special

heat treatment by quenching followed by tempering, the attain-

ment of a uniform condition throughout the mass is of the

highest importance, particularly if the object is a gun or an
armour plate or a part of a motor-car or aeroplane subjected to

severe shocks. Want of uniformity in such cases leads to a

concentration of stresses with resulting failure.

The ills to which metals are heir, which have been very

briefly discussed and illustrated in connection with the above

tabulation, do not by any means constitute a complete list of

the causes of failure in metal objects employed in engineering

construction, and brief mention of some of the other factors

should be made here. The causes of failure, which have been

treated above as fully as the introductory character of this

work will permit, all reside in the metal itself or in the treat-
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ment which it has received during manufacture. At one point

only (under II. (C), {d) ) have we referred to a class of defects

due rather to the abuse of the material by the constructor than
to the production of the metal itself. There are, however,
numerous other cases in which " abuse " of the material may
fairly be put down as the cause of failure. The use of a wrong
material or insistence on a wrongly-drawn specification may
equally be regarded as abuse of the metal ; errors of design

and of construction come under the same head, and these

constitute the most difficult cases which have to be dealt with
in the investigation, by the methods of Physical Metallurgy,

of cases of failure in practice. The investigator can in such

cases only endeavour to exhaust the possibilities with regard to

defects in the metal itself, in order to show that the fault must
lie elsewhere.

Another class of failure in metals arises from want of per-

manence of the material under the conditions to which it is

exposed. We have already considered such matters as the

gradual breakdown of metals under " fatigue " or alternating

stresses which exceed the true elastic limits. Another type

of gradual disintegrating use is that where the metal is subjected

to abrasion. Such objects as the rails and tyres of a railway,

the bearings of engines, etc., constitute examples of this class
;

the conditions of wear existing in such circumstances are,

however, fully recognised in engineering practice, and " failure "

is only regarded as arising where the rate of wear has been

unduly rapid.

Par more serious and difficult in every way is another type

of " wear " to which many metals are subjected, viz., the whole

class of actions known as " corrosion." This subject is so

large that it requires treatment in a separate volume, but a

brief reference to it is required here.

Since we find practically all the industrially useful metals

in nature in the state of their oxides, or compounds of their

oxides or sulphides, it is not surprising to find that there is a

strong tendency, which requires to be constantly guarded

against, for all metals when in contact with the agents of nature,

viz., oxygen, water and carbon dioxide, to revert to their
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condition of chemically stable equilibrium and, therefore, to

undergo one or other of the processes of corrosion, all of

which tend to the formation of oxides or of salts. The

metaUic state, in the conditions which prevail at the surface

of the earth, is for the majority of metals a state of chemical

meta-stabihty, and there is room for astonishment that we

should be able to defeat the action of the atmosphere to such an

extent as to maintain in prolonged existence the great quantities

of metal on which modern engineering depends. The general

" cause " of corrosion, therefore, is not far to seek, but in regard

to its immediate mechanism and the detailed conditions which

govern its incidence and rate of progress, a great deal of study

has been expended, although definite and finally conclusive

results have only rarely been reached.

The possibihty of the continued existence of oxidisable

metals in the metallic state depends upon that universal

property of " inertia " which manifests itself in a reluctance

to undergo any change, and more particularly in the reluctance

with which the commencement of any change is initiated. In

many cases, therefore, the study of the " causes " of corrosion

resolves itself into a study of the special conditions which

facilitate the commencement of chemical action between the

metal and the natural agencies to which it is more or less

exposed. In most questions of corrosion two different views

may be taken, which are typified by the two schools of thought

in regard to the corrosion of iron and steel. One of these

schools, headed by Cushman (^) and Walker {^) of America,

takes the view that the corrosion of iron and steel is essentially

an electrolytic process, the source of the electrolytic action

lying in the minute galvanic cells which are formed by the

impurities present in the steel. This school, therefore, seeks

to render iron and steel more or less incorrodible by making it

as pure as possible, and there seems to be some evidence that

extremely pure iron possesses very great " inertia " in regard

to corrosion. Opposed to this view is the purely chemical

theory, according to which iron undergoes direct oxidation in

the presence of water, without the necessary intervention of

any electrolytic actipn. In support of this view are the
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experiments of J. N. Friend (') and the work of Heyn («), who
have shown that, although the absence of electrolytic cells in a
very pure steel does retard the commencement of corrosion, it

does not affect the rate of corrosion once the process has begun.

Whichever of these rival views should ultimately prove
correct, the prospect of producing a cheap form of iron or steel

which shall be practically incorrodible is extremely remote.

The ancient iron of India and Ceylon is sometimes quoted as an
example of practically incorrodible metal, but the permanence
of the Delhi column and of the iron chains fastened, thousands
of years ago, on the steep pilgrim's paths on Adam's Peak in

Ceylon, must be due to some special cause, since samples of

this iron, which have come into the author's hands, have rusted

freely on the surfaces exposed by cutting them up. The infer-

ence is that these irons are not really incorrodible, but were

originally covered with a really effective protective coating.

Although a definite proof has not been given so far, it seems

probable, from the author's observations, that this protective

coating was simply a coating of cinder or slag derived from the

crude manufacturing process employed (^). In any case it is

evident that, even if the purest possible iron really proved to be

incorrodible, its use would be limited by its softness and weak-

ness as compared with the better grades of steel.

The principal question of practical importance in regard

to the prevention of corrosion in iron and steel thus resolves

itself into a question of finding a suitable protective coating

which shall effectively protect the metal from corroding

actions. Oil paint, as ordinarily made and used, is known to

be far from perfectly effective, and not only requires constant

renewal, but also allows corrosion to take place beneath it.

This is principally due to the fact that there is a certain degree

of solubility for moisture in the vehicles of oil paints. Many
other protective coatings have been proposed and tried, with

varying success, ranging from such substances as bituminous

varnishes to coatings of other metals applied in various ways.

Of these latter a coating of tin, applied in the molten state, is

much used, and is very efEective where the coating is perfectly

intact. Its expense, however, precludes a very wide extension
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for engineering purposes. Coatings of zinc—under the name

of " galvanised " iron or steel—are much used, and are effective

up to a certain point, particularly as the zinc acts as an electro-

lytic protector for any portions of the steel which may become

exposed. In time, however, the zinc coating is entirely

corroded away, and then attack upon the exposed iron is

rapid. A particularly interesting form of " protective

"

coating is that formed by a layer of Portland cement or con-

crete. Steel embedded in this material, which is now so

extensively used in ferro-concrete constructions, appears to be

perfectly protected from corrosion so long as the concrete

retains an alkaline reaction ; any water percolating the concrete

finds sufficient free lime to be rendered alkaline, and, therefore,

harmless to the steel. In running water, however, the free

lime tends to be washed out of the concrete, and it appears

probable that ultimately corrosion may set in. A similar

action may also occur in the sea—a circumstance which is not

without its grave significance in view of the use of ferro-con-

crete for marine and hydraulic work in many places. It may
be hoped that in such places means have been used to render

the concrete as nearly watertight as possible in order to mini-

mise the circulation. An extremely serious source of corrosion

for all metals is found in stray electric currents which are apt

to seek an easy path through the earth by passing into any

metallic bodies which may be present. If moisture is

present, electrolysis, with rapid destruction of the metal, is set

up if the current happens to pass in the unfavourable direction.

Such electric currents should be particularly guarded against

in the vicinity of ferro-concrete which is liable to be moist.

Electrolytic corrosion in ferro-concrete not only results in the

destruction of the embedded steel, but, owing to the large bulk

of iron oxide which is formed, rapidly disrupts the whole' mass.

The corrosion of non-ferrous metals and alloys has been

principally studied in regard to brass, although corrosion is,

of course, encountered in practically all metals, with the

exception of the noble metals (silver, gold, platinum, etc.), and
the newly-developed " rare " metals, such as tungsten, which
are apparently incorrodible at the ordinary temperature. The
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corrosion of brass, however, has assumed exceptional import-

ance owing to the large number of brass tubes employed in

the construction of condensers for steam engines, more
especially for marine purposes. It has been found that in

many cases, although not in all, the corrosion of brass takes

place by a process which consists in the selective solution

and removal of the zinc, leaving the copper behind in the

form of a spongy mass containing a considerable proportion

of oxide. This process is generally known as " dezincifica-

tion," and its mechanism has been recently explained (}").

The action takes place, in the case of brass exposed to contact

with sea water, particularly at temperatures above 40° C,
by the formation of a basic chloride of zinc, which adheres to

the sides of the brass tubes. On the one side this basic chloride

constantly reacts with the sea-water, parting with some of

its zinc in a soluble form, either as chloride or sulphate, and,

on the other side, constantly renewing its own zinc-content at

the expense of the brass. The adherent patches of this basic

chloride thus act as a species of catalytic agent. Fortunately

it has been found that this action is largely inhibited by the

presence in the brass of 1 per cent, of tin or, better still, of

2 per cent, of lead.

The protection of brass and of other copper alloys from

corrosion in condenser tubes and other situations where protec-

tive coatings are out of the question, by the aid of specially

generated electric current, has recently been suggested and
adopted with a certain measure of success. The simplest

method of applying this principle consists in generating the

requisite electric current in situ, by attaching to the article

to be protected pieces of a more readily attacked metal. The

combination of the two metals then acts as a primary cell, in

which the " protector " is steadily dissolved while the protected

metal remains intact. Thus plates of iron, zinc or aluminium

have been attached to brass tubes and have served as efficient

protectors where there has been sufficiently good electric

contact between the two metals and for a moderate distance

from the point of contact. In some cases, as Bengough (^'')

has shown, the protection is effective over a longer distance,
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owing to a secondary effect whereby a thin but strongly

adherent skin of calcium carbonate is deposited on the surface

of the brass, thus protecting it from the sea-water. The

principle of electrolytic protection has also been applied in

another way, by employing a definite and independent source

of current and thus converting the whole apparatus to be

protected—boiler, condenser or other apparatus—into an

electrolytic cell, in which specially introduced electrodes of

some such substance as carbon serve as anodes, while the whole

apparatus acts as cathode. This arrangement, if carried out

with sufficient attention to the electrical contacts and resist-

ances, gives promise of working very efficiently, although the

maintenance of an outside source of electric current is some-

what of an inconvenience. On a ship, however, where electric

current is now universally available, this inconvenience is

extremely sKght as compared with the saving in condenser

tubes and the troubles of frequent repairs resulting from per-

foration of tubes by corrosion.

Finally, reference must be made to the question of the

corrosion of aluminium and of its light alloys ; at the present

time the use of these materials is still very restricted, but this

is due to special causes, one of which is the fear of want of

permanence, on the ground both of corrosion by external

agencies and of internal disintegration. In regard to corrosion,

aluminium itself has long suffered from the excessive zeal of its

early friends, who claimed for it practical incorrodibility.

This claim probably arose from the fact that brightly-poUshed

aluminium can be exposed to the air for long periods without

showing signs of material corrosion, but under the action of

sea-water, and particularly in the presence of other metals,

aluminium corrodes with decided rapidity. The action of the

sea in this respect is largely a mechanical one. Aluminium

when exposed to the air rapidly becomes covered with a very

thin film, which either consists of oxide or contains a consider-

able proportion of oxide ; this film serves as a protective

coating which, if undisturbed, serves to prevent further

corrosion almost indefinitely. When, however, as friction

acts on this film it is, after a time, worn away, and, if the
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friction continues, the fresh formation of a protective film is

prevented and corrosion proceeds rapidly.

Pure aluminium, however, owing to its relatively small

strength and stiffness, is of little value for structural purposes,

and recourse must be had to one of the strong and light alloys

which have been produced, as the fruits of Physical Metallurgy

researches, in recent years, both in this country and in Ger-

many (^^). Since these materials rival the strength of steel

while only one-third the weight, some considerable importance

attaches to their behaviour in regard to corrosion. Those

alloys which contain manganese have been found to be rather

less liable to rapid corrosion than pure aluminium, but the fact

must none the less be faced that, if exposed to the action of

sea-water, these materials require protection approximately

to the same extent as ordinary iron or steel ; for mere exposure

to a moist atmosphere, however, the aluminium alloys are far

superior to polished steel in regard to their power of main-

taining a bright, untarnished surface.

The second factor which still stands in the way of the

wider usefulness of aluminium alloys is the prevalent fear that

they may not be permanent in their properties, quite apart

from corrosion. This belief has no doubt sprung from the

behaviour of certain alloys of aluminium with iron, tin, nickel,

and some other elements. These exhibit the peculiar property

of spontaneous disintegration ; a small ingot of such an

alloy will, if left to itself, fall into a heap of fine powder in the

course of a few hours {^^). This behaviour, however, is a

property of certain definite compounds of aluminium with

other metals, and these compounds only exhibit this behaviour

when they constitute the whole, or nearly the whole, of the alloy.

This only occurs in alloys in which the element other than

aluminium is present in comparatively large quantities, so that

the whole process is probably unknown in true " light " alloys

which consist principally of aluminium. For certain purposes,

especially for a process known as "die casting," some alloys

containing a large preponderance of another metal, such as zinc

or iron, have been used, and the product, which has a white ap-

pearance, has been sent out as " aluminium castings." These
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have shown frequent cases of warping and disintegration, and

the unfortunate experiences of those who have had to deal

with them have reflected on aluminium alloys as a whole. In

order to settle this question as definitely as possible, an investi-

gation on a very large scale has been undertaken at the National

Physical Laboratory. Over a thousand different specimens of

aluminium alloys, both pure and containing intentionally

added impurities, have been prepared in all conditions of

treatment, and are being kept under various conditions of

storage as regards temperature and moisture. These specimens

have been prepared for accurate measurement, both as to

dimensions and electrical resistance, and, by periodical observa-

tions, are being watched with a view to detecting the slightest

signs of change. A preliminary set of castings, which have

been watched for over a year, have so far shown no signs

whatever of any change, and to this extent the popular belief

in the disintegration or warping of certain aluminium alloys

is already discredited by the results of accurate investigation.

That this is likely to be the case with whole groups of important

alloys is indicated by the fact that samples of some of these

materials have been tested at the National Physical Laboratory

at intervals over a period of eight years without showing any

signs of deterioration.

Although the principal interest in this connection attaches

to the light alloys of aluminium, some reference must also be

made to the very great powers of resisting corrosion and oxida-

tion which are displayed by the alloys of aluminium with copper

in which the latter metal preponderates. These aluminium

coppers, formerly, but quite erroneously, called " aluminium

bronzes "
i}^), have been tested by prolonged exposure to the

sea, first for a period of three years by complete immersion, and

then for a similar period " between wind and water." These

tests show that the alloy containing approximately 10 per cent,

of aluminium is extremely resistant to sea-water corrosion, the

test-pieces having lost in weight to a minute extent, which

could be detected only by the aid of accurate weighing on a

balance, at the end of that period. Alloys of this type can also

be exposed to a red heat in an oxidising atmosphere for several
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days without becoming appreciably tarnished by oxidation.

No doubt the formation of a pellicle of aluminium oxide,

supported by the great mechanical strength of these alloys, is

responsible for this satisfactory behaviour, which places them
above any other alloys of copper in these respects. Here, as

elsewhere, however, a compensating disadvantage is to be found.

The pelUcle of aluminium oxide which protects these materials

from corrosion or oxidation also protects them from alloying

with tin, so that fchey cannot be readily soldered like other

alloys of the brass or bronze type.
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phous, 257

Cementation of steel, 191

Cementite, 162

balled-up, in steel, 325

decomposition of, 163

discovery of, 119

films in crystal boundaries,

278

free, 176

in high carbon alloys, 186

in micro-structure of steel,

176

solubility of in a -iron, 164

structurally free, 278
Ceylon, ancient u-on from, 329

metal from, 255

Chamberlain, 129

Changes of form, internal, 302 .

Charpy's test, 323

testing machine, 234
Chemical activity of molten metal,

289

composition, errors in,

320, 322
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Chemical

—

continued.

metallurgy, definition, 1

study of alloys, 118

theory of corrosion, 328

Chill castings, 288

Chilled cast-iron, 288

Choice of specimens for micro-

scope, 18

Chromatic aberration, 46

Chromium oxide, 29

Circular casting, isothermals of,

290
Cleavage and twinning, 276

fracture in steel, 263, 264
in steel sheets, 275
in wrought iron, 275

"Clogging" of tools, 311

Coalescence of lead-tin eutectic,

134

Coating, cement as protective, 330

protective against corro-

sion, 329

Coatings, metallic, 329

Cobalt, 112

-copper alloys, conductivity
curve of, 112

Cohen on " strain disease," 309

Cohesion, inter-crystalline, 256,

257

Coker's optical method, 237

Cold-forging brass, 305

junction, 81

rolled bolts, 300

"Cold shuts." 323

Cold work, 265

defined, 300

limits of, 307

Cold-worked bronzes, 148

Cold-working,

defects arising in, 324

during erection. 324

excessive, 307, 308, 324

lead-brass, 324

of brass, 145

Colloidal iron carbide, 183

Combined carbon and structure of

iron, 188

Commencement of corrosion, 329
Comparative tests of zinc—^alu-

minum alloys, 238
Comparison of testing methods,

237, 238

Complexity of iron-carbon system,

160

ternary alloys, 123

Composition, chemical errors of,

320
Compound Ala Zns, 137

Al, Mn, 157

antimony-tin, 321

composition of, by
thermal analysis,

104

Sn-Sb, importance of,

135

Compounds and electro-chemical

potential, 117

brittleness of, 261

conductivities of, 114

determined residue

analysis, 118

fictitious, 118

inter-metallic, 73

of aluminium and dis-

integration, 333
Compression, elastic limit in, 247,

248
fluid, of steel, 295,

296

test, 211

Concentration potential curve, 117

Concrete, reinforced, 330

Condenser tubes, corrosion of, 331

Conductivities of compounds, 114

Conductivity curve of

—

cobalt-copper alloys, 112

copper-antimony alloys, 114

gold-copper alloys, 112

Conductivity curves of alloys

forming com-
pounds, 114

electric, 110

of euteotiferous

alloys. 111
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Conductivity

—

continued.

of solid Bolutions, 111

thermal, 117
Coneindentation test,Ludwik's,222
Congenital defects, 321
Constantan, 111, 115

-copper, 80
Constanta, physical, of metals, 3

Constituent, 119

Constituents, impurities as, 314
mutual support of,

under strain, 262
which float, 320

sink, 320
Constitutional diagram, 78, 94

aluminium-zinc, 136

and cast iron, 186
and cooling-curves, 91

and electrical properties, 110

and iron, 167

and micro-structure, 105

and physical properties, 107

and practical steel hardening,

184

and specific volume, 108

and temperature co-efiicient,

115

annealing in determination of,

105

diagrams, horizontal lines on,

102

iron-graphite system, 162

model of ternary alloys, 125

of aluminium-copper aUoys,

154

of copper-tin alloys, 147

of iron-carbon alloys, 161

of lead-tin aUoys, 133

of magnesium-tin, 101

of partly eutectiferous alloys,

99

of simple binary system, 91

of solid solution system, 98

of zinc-copper alloys, 141

practical bearing of, 146

Contraction, local, in tensile tests,

207

Contraction, stresses in castings,

289

Cooling, best rate of, castings, 288
curve of binary alloys, 87

of pure iron, 168

of pure metal, 85

curves, 78

of aluminium-zino

alloys, 140

for thermal curves, 79

rate of, and structure of

castings, 287

Copper, 70, 74, 81, 111, 112, 114

alloys, etching of, 31

manganese in, 163

alloys of, 140

-aluminium alloys, 154

micro-structure of, 156

heavy, resistance to

—

corrosion, 334
oxidation, 334

(heavy), soldering of, 335

aluminium in, 153

-aluminium-manganese, 167

liquidus of, 126

-ammonium acetate, 46

annealing, 269, 270
-antimony, 114

antimony in, 317

arsenic in, 316

bismuth in, 317

deoxidation of, 162

electro-chemical deposition in

etching, 35

chemically deposited,

304

for embedding
sections, 246

etching of, 31
" gassing " of, 272
-manganese alloys, 153

-nickel, 74, 97, 111

over-annealing of, 275
oxide in, 152, 316

phosphide in bearing metals,

153

phosphorus alloys, 152
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Copper

—

continued.

polishing of, 24

-potassium chloride, 32

salt solutions for etching, 35

-silver, 100

solubility of, in solid alu-

minium, 156

-tin, 103

-tin alloys, 146

anomalous behaviour of

f> phase, 149

constitutional diagram of

147

oxide in, 152^

strength of, 148

twinning in, 251

-zinc alloys, 141

constitutional diagram,

141

heat treatment of, 144

oxide in, 152

-tin alloys, 150
" Cores " in crystals and banded

structure, 304
Cores of solid solutions, 96
Correlation between tests and ser-

vice results, 8

Corrodibility, 322

Corrosion, 327

and basic zinc chloride, 331

and heavy aluminium-copper
alloys, 334

and oil paint, 329

and stray electric currents,

330
chemical theory, 328

commencement of, 329

electrolytic theory of, 328
general cause of, 328
" inertia " of pure iron, 328

in non-ferrous metals, 330
of aluminium, 332

of brass, 331

protection against, 331

with 2 per cent, lead, 331

with 1 per cent, tin, 331

of condenser tubes, 331

Corrosion

—

continued.

of light alloys, 333
protective coating against, 329
resistance to, of manganese-
aluminium - copper alloys,

157

Couple, thermo-electric, 80

Cracks, from quenching, 326

in hardening steel, 185

quenching, and enclosures,

318
Critical deformation, 267

illumination, 64
-points of 0-2 per cent.

carbon steel, 171

-points of iron, 169

range and heat treatment
of steel, 277

temperatures, 322
" Cropping " ingots, 298
Cross-sections of slip-bands, 245
Crushing action of cutting tool,

310
Crystal boundaries and strength,

274

cementite films

in, 278
in burnt steel,

283

movement at,

258, 259

under strain,

256

viscous flow at,

259
cores and banded structure

304

facets, 66

groups, 275
growth and strain, 273
size and slip, 274

Crystalline aggregate, formation
of, 62

fracture, 254
habit, 71

nature of duplex alloys,

260
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Crystalline

—

continued.

structure, 26, 63
of eutectics, 134

permanence of in

iron and steel,

256
system, 71

Crystallisation and flow of heat, 68

dendritic, 67
" Crystallisation " of metal under

vibration, 264
Crystallisation (supposed) of

metals, 266
Crystals, 33

adhesion of, 68

and flow of heat, 290
at re-entrant angle, 292
elongated, 241
" fringe," 293
growth of in annealing, 267
interlocking of, 71

liquid, 67

of y iron, formation of, 280
growth of, 281

plastic, 67

plasticity of, 247
radial, in tin-plate, 293

Crystal size and physical pro-

perties, 274
Currents, electric, and corrosion,

330

Curvature of field, 49

Curve, concentration - potential,

117

Curved surfaces produced in grind-

ing, 22

Curves, heating and cooling, of

pure iron, 168
" recalesoence," 175

Cushman and Walker on corrosion,

328

Cutting operations, 24, 309

specimens for micro-exam-
ination, 20

tools, action of, 309

tool, straining effects of,

310

Dalbt's optical stress -strain appa-
ratus, 202, 208

Dark-etching constituents, 75
" Dead molted " steel, 295
Decarburisation of steel, 320

surface, of steel,

272
Decomposition of cementite, 163

iron solid solu-

tion, 164

and allo-

tropy of

iron, 166
Defects, acquired, 321

arising from

—

casting, 322
moulds, 323

over-heating, 322
treatment, 322

arising in—
annealing or re-heat-

ing, 326

cold working, 324
hot-working, 323
quenching, 326
tempering, 326
thermal treatment,

325
" congenital," 321

in metals and alloys, 313
tabulation of, 322

Deflection method, 82

Deformation, critical, 267

of duplex alloys, 260
Degens on lead-tin alloys, 132

Degree of freedom, 120

Delhi column and corrosion, 329
Dendrites in solid solutions, 74

Dendritic crystallisation, 67

Density of strain-hardened metal,

250
Deoxidation of copper, 152

Deposition of copper, in etching, 35
Depth of focus, 48, 49

Derived differential curve, 85

Determination of fundamental
properties, 196
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Determination of soUdus in iron-

carbon system by quenching,

163

Dezinciflcation, 331

Diagram, constitutional, 78

equilibrium, 78

triangular, for ternary

alloys, 124

Diamond, 166

Die casting, 333

Differential curve, 84

Diffraction, 50

Diffusion in solid solutions, 96

Dimensions, effect of, in testing,

194

of slip-bands, 245
Disintegration, spontaneous, of

aluminium alloys, 158

Disturbance of structure by polish-

ing, 18
" Drawing " of castings, 323
Drawing hoUow, 268, 307
Draw-plate, 307

Dryiag specimens, 36

Ductility test by bending, 217

Duplex alloy,

carbon steel as, 263

ultimate strength of, 262
yield-point ia, 262

alloys

—

annealuig of, 269

baUiag-up in, 276
brittle constituent in, 261, 262
crystalline nature of, 260
deformation of, 260
effect of treatment on, 262,

263

over-annealing and over-heat-

ing, 276

Duralumin, 154, 158

Duration of annealing, 271

Dynamic tests, 223

need for, 197

Edges, sheared, brittleness near,

310

Effect of dimensions in testing, 194
Egyptian metal, ancient, 255
Elastic limit, 205

in compression after tensile

strain, 247
primitive, 205
" true," 255

limits and strain-hardening,

247, 248
modulus, 203
range after strain-harden-

ing, 247
stretching of metal, 203

Electric conductivity, temperature
co-efflcient of, 110, 115

currents and corrosion,

330

furnace and steel, 317
lamp for microscope illu-

mination, 56
Electrical conductivity, 110

properties of alloys, 110

measurement
of, 116

Electro-chemical potential and
compounds,
117

study of alloys,

117

-chemically deposited cop-

per, 304
-deposited copper for em-

bedding sections, 245
Electrolytic iron, recrystallisation

of, 279
protection, 332
theory of corrosion,

328
Electron theory, 110

Elongated crystals, 241

structure, 303
Embedding sections in electro-

copper, 245

Emery papers, 23

testing machines, 199
Enclosures and mechanical pro

perties of steel, 318
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Enclosures

—

continued.

and quenching cracks,

318
mechanical, impurities

as, 314

slag, as nuclei, 281

slag, in steel, 317

English type of tensile machine,

109

Equilibrium, attainment of, 122

diagram, 78, 93, 122

pressure factor,

120

(constitutional) dia-

gram of simple

binary system, 91

meta-stable, 94

stable, 94

ultimate physical,

274

Errors of chemical composition,

320

of design, 327

due to insufftcient observa-

tion, 113

of treatment, 321

Etched surfaces, illumination of,

65

Etching, 30

electro-chemical, 304

macroscopic, 35

nature of, 32

by deposition of copper, 35

depths of, 31

figures, 66

pattern, 33

of pure metals, 33

reagents, 31

action of, 64

Eutectic, 119

phosphide, in cast iron, 316

^Entectics, 133

crystalline structure of, 134

nature of, 261

plastic straining of, 261

predominant partner in, 134

spherulites of, 134

Eutectic alloy, 76

freezing of, 89

Eutectic aUoys, 86

of aluminium and copper,

157

copper oxide, 316

in iron-carbon alloys, 163

point, determined by
thermal analysis, 104

Eutectiferous alloys, curve of, con-

ductivity of. 111

freezing of, 88, 89

Eutectoid of iron-carbon alloys,

165

point, influence of man-
ganese on, 175

pearlite, 173

steel, recalescence of , 175

Evolutions of heat in iron, 167

Ewen and Bosenhain on fracture

of hot metals, 260
Ewing and Humphrey on fatigue,

254
Ewing and Eosenhain on anneal-

ing lead, 269

Ewing's extensometer, 203
Excessive cold-working, 324
" Excessive " purity, difficulties

of, 313

Extension, plastic, 207

Extensometer, Ewing's, 203

Marten's, 204
Turner's, 108

Extensometers, 203

Eye-piece, 45

magnification, 51

Factors of safety, 5

Failures in metals and alloys, 6

investigation of, 6

Fatigue and crystal size, 275
and strain-hardness, 306

defined, 224
fracture under, 253

test, Osborne-Keynolds",

228
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Fatigue

—

continued.

Stanton's, 228, 229
Wohler's, 225

Favourable examples, study of, 8

Feeding ingots, 295

Ferric chloride, 31

as etching reagent, 35

Ferrite, 173

before and after straining, 243

Ferro-ooncrete, 330

manganese, 317
Fibrous fracture, 252

Field, flatness of, 48

Fields, phase, 121

Filter, Wratten and Wainwright's,

46

Fine-grinding, 23

Finishing temperature and micro-

structure, 300

Fire-clay, 81

Fissures, partial welding of, 324

Fitting by cold-working, 324
Flatness of field, 48

Floating constituents, 320

Fluid compression of steel, 296
Focus, depth of, 48, 49
" Forced solution," of iron-carbide

180

Foreign matter from mould, 323
Forging, 300

insufficient work in, 323

Formation of slip bands, 243

Fracture, cleavage, in steel, 263,

264

crystalline, 254
" fibrous," 252

intercrystaUine,

abnormal, 252

of metals near melt-

ing point, 260
mechanism of, 252

of iron at high tempera-
tures, 259

of steel, shock, 256
types of, 263

Fractured steel shaft, 323

Fractures, alternating stress, 264

Fractures

—

continued.

section of, 252

tensile, 252, 263

microscopic study of, 16

under fatigue, 253

shock, 252

Free cementite, 278
Freedom, degree of , 120

Freezing of eutectic aUoy, 86, 89
-points of metals, 81

Friend on corrosion, 329
Fringe crystals, 293

Fundamental properties, 196

Furnace, electric, and steel, 317
Fusion spots, 106

Galvanising, 330
Gralvanometer, 82

Gamma iron, 163

and constitutional diagram,
167

crystals, formation of, 280

growth of, 281

decomposition of, 164

in alloy steels, 284
solid solution, 164

transformation affected by
carbide, 177

twinning in, 252
phase of tin-copper alloys, 149

Garland on ancient Egyptian
metal, 255

Gas cavities, 294

Gasses and molten metals, 289

influence on thermal curves,

80

Gas lamp for microscope illumina-

tion, 55

liberation on freezing, 294
" Gassing " of copper, 272
G«rman silver, 306
Goerens on annealing iron and

steel, 271
Gold, 112

and bismuth, 316
annealing, 269, 270
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Gold

—

continued.

-bismuth, Arnold's experi-

ments, 266
-copper alloys, conductivity-

curve of, 112

purest, brittleness near melt-

ing-point, 260
-silver, 74

Grains, polygonal, 67

Graphical representation of ter-

nary alloys, 124

Graphite, formation by decom-
position of oementite,

163

in cast iron, 288

separation from iron,

320
Graphitic iron, 187

Grey iron as "steel plus graphite,"

188

structure of, 187

Grinding wheels, 21

Groups of crystals, 275

Growth of crystals in annealing, 267

S iron crystals, 281

Gulliver, 123

Gutowsky on iron-carbon soUdue,

163

Hadfield on ancient metal, 265

sound ingots, 296

Hammer-dressing, 324

Hammering, deformation by, 302

effect of, 301

Hannover's porous metal, 134

Hard-drawn bolts, 306

Hardened steel, amorphous iron-

carbide solution in, 182

Hardening by strain and elastic

limits, 247, 248

of Duralumin, 158

metal by straining,

247

steel,

" amorphous"
theory, 180

P.M.

Hardening

—

continued.

of steel

—

continued.

incipient oc

crystals in,

181

and allotropic

iron, 167

and quenching

strains, 181

cracking in, 185

twinning in, 181

and constitu-

tional dia-

gram, 184

rules for, 184
" Hardenite," defined, 179

Hardness, defined, 218

number, Bendicks' for-

mula, 219
of iron, 180

of Martensite, cause of,

180

of steel, allotropic

theory of, 180

test, 218

tester, Martens', 220

testing by the sclero-

scope, 222

Harmet process, 296
Haughton and Bosenhain on phos-

phorus in steel, 304
" Header," 295

Heat evolutions in iron, 167

flow of, and crystallisation, 68
flow of, and crystals, 290
-refining of steel, 282

castings, 294

specific, 117

tinting, 34, 316

-treatment of

—

alloy steels, 284

Duralumin, 158

Muntz metal, 144

steel, 277

Heating curve of pure iron, 168

curves, 78

for thermal curves, 78, 79

A A
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Hensler alloys, 109

Heussler magnetic alloys, 128

Heyn on corrosion, 329

High-carbon alloys, cementite in,

186

temperatures

—

behaviour of metals at,

257

fracture of iron at, 259

straining steel at, 259

Holes, punched, brittleness near,

310
Hollow drawing, 268, 307
Hooke's law, 203

Horizontal hnes in constitutional

diagrams, 102

Hot-etching of steel, 17

-forging brass, 305

-junction, 81

-rolled metal, longitudinal

structure in, 303

-work, 265

-working, defects arising in,

323

defined, 299

of brass, 145

rapid, 301

Hoyt on tin-copper alloys, 149
Hoyt's diagram of zinc-tin-copper

alloys, 150

Hum&ey and Ewing on fatigue,

264

Eosenhain on
Arj, 170

relative hard-

ness of $ and
8 iron, 180

straining iron

at high tem-
peratures,

258, 259
Humfrey on hardening of steel,

181

Humfrey's theory of strain-raised

elastic hmit, 248
Hydrochloric acid, 31

Hydrofluoric acid, 31

Hydrogen, 80

sulphide use in testing, 35

Hypo-eutectoid steel, 183

Hysteresis, magnetic, 109

Ice-box for thermo-couples, 81

lUuminants for microscopes, 53
Illumination—

axial or central, 40

critical, 54

for photomicrography, 66
obhque, 38

of metal surfaces, 38

vertical or normal, 39

Illuminator, adjustable, of Eosen-
hain microscope, 43, 44

Image produced by objectives, 45
Images, how produced, 45

projected, 57

weak or " mUky," 42
Imitative tests, limitations of, 194
Impact, resistance to, nature of,

232

test, shearing, 235
single blow, 233

repeated blow, 236
torsion, 235

tests, 232

Imperfections of cast metal, 287
Impurities, 313

accidental, 319

classified, 314
as constituents, 314
as mechanical enclosures, 314
brittle, 322

in ingots, 297
in sohd solution, 314
metalloid, 314
specification by analysis, 314

Incipient a-crystals in quenched
steel, 181

IncorrodibiUty, alleged, of alu-

minium, 332
Ingot, blow holes in, 295, 323

pipe in, 295, 323
relation to forging, 297
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Ingots, 294
cropping, 298

feeding, 295

impurities in, 297
liquid core rolling, 296
non-ferrous, 296
segregation in, 297, 323
sound, Hadfleld's process,

296
soundness of, 294

Insoluble additions to alloys, 319
Instrument making, metals used

in, 2

Insufficient annealing, 268

observations, errors

due to, 113

work in forging, 323

IntercrystaUine brittleness, 256
of pure metals near melting-

point, 260
Interorystalline cement, 257

cohesion, 256, 257

fracture near melt-

ing-point, 260

interstices, 68

Interference (of Ught), 50

Interlocking of crystals, 71

Intermetallio compounds, 100, 101

Internal changes of form, 302

strains in hardening of

steel, 181

tension, 324

International testing association,

10, 161, 240, 264

Interpenetration (forced) of polish-

ing powder and
metal, 27

of crystals, 70

Interpretation of equilibrium dia-

grams, 122

images, 52

Inverse rate curve, 83

Iron, 70, 72

aUotropio, and hardening of

steel, 167

allotropio modifications of,

166

Iron

—

continued.

aUotropy in, and decomposi-

tion of y iron solid solution,

166

alloys, etching of, 31

u, 167

and steel, annealing, 270, 271

u, absence of twinning, 252

and carbon, alloys of, 131

and steel specimens kept
" passive," 37

0, 167

and y, relative hardness of,

180

p hardness of, 180

carbide, 162

colloidal, 183

forced solution of, 180

in solution, effect of, 177

movement of during

transformation of y

soUd solution, 178

solution, amorphous, in

hardened steel, 182

state of in Troostite, 183

-carbon aUoys, 160

constitutionaldiagram of,

161

eutectoid in, 165

Kquidus of, 162

solidus of, 163

carbon in, 75

limit of, 162

carbon, meta-stable diagram,

161

carbon system, complexity of,

160

cast, oxidising, annealing of,

189

phosphide euteotio in,

316
critical points of, 169

electrolyi;ic, recrystallisation

of, 279

etching of, 31

fracture of at high tempera-

tures, 259

A A 2
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Iron

—

continued.

from Ceylon, 329

graphite, constitutional dia-

gram, 162

graphitic, 187

grey, as " steel plus graphite,"

188

grey micro structure of, 187

heat, evolutions in, 167

in aluminium, 316

-manganese, 74
micro-structure of, and critical

points, 170

molten, graphite from, 320

nuclei in transformations of,

169

phosphide, 315

pure, 168

and corrosion, 328, 329

effects of quenching, 171

heating- and cooling-

curves of, 168

semi - plasticity in over-

strained, 248

slip-bands in, 243

Swedish, 61

strained, 241

structure of, and combined
carbon, 188

transformer sheets, 109

white, micro - structure of,

187

wrought, cleavage in, 275
" yield-point " in, 207

IsothermaJs and castings, 293

and radial structure,

291

at re-entrant angle,

292

of circular casting,

290

Izod's testing machine, 233

KiSH, 320
KroU on persistence of structure of

steel, 281

Laboratory, National Physical,

334

Lag in critical points of iron, 169

LamellsB, twin, 251

Laps, 324

Large areas, need of examining

microscopically, 20

Larrard on torsion testing, 213

Law of similarity in testing, 194

Lead, 81, 112

and antimony alloys of, 131

and tin, alloys of, 131

anneaUng, 269

antimony alloys, 134

-brass, cold working of, 324

corrosion of, 331

in brass for machining, 312

polishing of, 24

pure, brittleness of, near melt-

ing-point, 260

segregation of, 321

shp bands in, 243

solubihty of tin in, 132

-tin, 75

-tin alloys

—

constitutional diagram of,

133

Degen's view, 132

Mazotto's views, 132 '

micro-structures of, 133

ternaries derived from,

135

use as solders, 134

-tin-bismuth, liquichis surface

of, 126

-tin-euteotic, coalescence of,

134

Le ChateUer, 29

Level, diSerences of, recognised,

39

Levelling devices, 69

Lever testing machines, 200
Liberation of gas, 294
Light alloys

—

atmospheric corrosion, 333
corrosion of, 333
manganese in, 333
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Light, monochromatic, 46, 47

Limitations of phase rule, 121

Limit, elastic, 205

primitive, 205

of proportionaUty, 205
soUd solubility, 73

solutions, 105

Liquid core ingots, rolled, 296
" Liquidus" 94
Liquidus—

maximum in, 101

model of copper-aluminium-
manganese, 126

of aluminium-copper alloys,

155

of iron-carbon aUoys, 162

of manganese-copper alloys,

153

of partly eutectiferous system,

100

of solid solutions, 98

surface of lead-tin-bismuth,

126

ternary alloys, 126

Longitudinal structure in hot-

rolled metals, 303

Losses from volatihsation, 322

meeting, 320

Ludwik's cone indentation test,

222

" Machinery " brass, 311

Machines, automatic, steel for, 312

Machine, Charpy's testin'g, 234

Izod's testing, 233

Sankey's, 231

straining, for microscope,

242

Machines, tensile testing, 198

Machining and brittleness, 311,

312
properties of alloys, 311

Macroscopic etching with copper

salt solutions, 35

Magnesia, 29

Magnesium-tin, 100

Magnetic alloys, Heussler, 128

hysteresis, 109

properties, 109

Magneton theory, 110

Magnification, useful, 51

Malleable castings, 189

Manganese-aluminium-copper, 157

liquidus model of,

126

as deoxidiser, 153

copper alloys, 153

influence on eutectoid

point, 175

in hght alloys, 157, 333

-iron, 74

sulphide of, in steel,

317
Martens' extensometer, 204

hardness tester, 220

Mess-Dose, 201

sclerometer, 222

testing machines, 198

Martensite, 283

and twinning, 181

coarse, 326
defined, 178

nature of, 180

Martensitic alloy steel, 284
Materialpriifungsamt, 201
Materials, abuse of, 327
Matter, constitution of sohd, 3

Maximum in liquidus, 101

Mazotto on lead-tin, 132

Measurement of electrical proper-

ties, 116

Mechanical enclosures, impurities

as, 314

properties of

—

alloys, 101

steel and enclo-

sures, 318

testing of metals, 193

simple princi-

ple in, 195

treatment, 286
Mechanism of fracture, 252
Mess-Dose, Martens', 201
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Metallic compoundB, brittleness of,

102

Metallography, history of, 12

Metalloid impurities, 314

Metallurgical microscopes, 41

Metals at high temperatures, 257

freezing-points of, 81

hexagonal, 72

mechanical testing of, 193

pure, etching of, 33

temperature coef&-

cient of, 115

simple, 33

Meta-stability of

ancient metal, 122

metaUic state, 328

stable conditions, 121

diagram for iron-car-

bon alloys, 161

equilibrium, 94

Method of residue analysis, 118

Melting losses, 320

temperature, unduly low,

322

Membranes brittle, 316
MetaUic protective coatings, 329

state, meta-stabUity of,

328

Metallurgy, Physical, definition, 1

Microscope by Le ChateUer, 58

Greenhough binocular,

59

iUuminants for, 53

images, interpretation

of, 52

metallurgical, 38

optical system of, 44

Rosenhain's metallur-

gical, 43

rules for use of, 53

simple metallurgical,

41, 42

tube length, 45

Microscopes, metallurgical, 41

Micro -structure,

affected by anneahng, 273

and annealing, 266

Micro-structure

—

continued.

and critical points of iron, 171

and finishing temperature, 300

and shape of castings, 290

as evidence for constitutional

diagram, 105

elongated, 303
of alloys, 74
of aluminium-copper alloys,

156

-zinc alloys, 139

of burnt steel, 283

of eutectoid steel, 175

of grey iron, 187

of over-heated steel, 282

of pearhte, 173

of 0'2 per cent, carbon steel,

172

of 0'6 per cent, carbon steel,

174

of 0'9 per cent, carbon steel,

175

of lead-tin alloys, 133

of white iron, 187

Micro -volts, 82

Mild steel, " yield-point " in, 207
Mixed crystals, 73

Mobile layers, temporary, 246, 247

Model, constitutional, of ternary

system, 125

Modulus, elastic, 203

Molten alloys as solution, 73
iron, graphite from, 320
metal, chemical activity of,

289

overheating of, 289

metals and gases, 289

Monochromatic light, 47

Mould, foreign matter from, 323

Moulds, defects arising from, 323

venting of, 323
Movement of crystal boundaries,

258, 259

iron carbide, 178
Muir on recovery of iron and steel,

271

Muntz metal, 144
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National Physical Laboratory,
334

Need for dynamic tests, 197
Nickel-copper, 74, 97, 111

-steel, slip-bands in, 243

zinc-copper aUoys, brittle

when hot, 305
Nitric acid, 31

Nitrogen, 80
Nomenclature Committee, Inst.

Metals, 336
Non-ferrous alloys, segregation in,

320
ingots, 296

metals, corrosion in,

330
Normal and oblique illumination

of etched surface, 65

Normal illumination, 39

Notched bar impact tests, 233, 234

test-bars, 236
Nuclei in pearhte formation, 281

in transformations of iron,

169

slag enclosures as, 281

Objective, aberrations of, 46

aperture of, 46

image produced by, 46

Objectives, aperture of, 51

for metallurgy, 42

(microscope), 46

zones of, 47

Obhque Ulumination, 38

light, slip-bands under,

245

Oil paint and corrosion, 329

-quenching steel, 186

Opaque reflector, influence on

resolving power, 62, 53

Optical character of slip-bands,

244
system of microscope, 44

Ordinary " pohsh," 18

Orientation, crystalline, 33

of crystals, 63

Oriented lustre, 63

explanation of, 66

Osborne-Eeynold's direct alter-

nating stress test, 228

Over-anneahng duplex aUoys, 276

in brass, 276

copper, 275

Overheated steel, 325

angular structure of, 282

Overheating, 325

duplex alloys, 276

molten metal, 289, 322

of brass, bronze, aluminium«
copper, and steel, 277

steel, 281

Over-strain and semi-plasticity,

248

recovery from, 249

Overwork, 268

Oxidation in annealing, 272

resistance to, of heavy
aluminium - copper

alloys, 334

Oxide in brass and bronze, 319

copper, 152, 316

tin-copper alloys, 152

zinc-copper aUoys, 162

Oxidising anneahng of cast iron,

189

Paint and corrosion, 329

Pattern, etching, 33

Patterns, 323

Pearhte, 167, 173

angular, 282

balling-up of, 278

formation, nuclei in, 281

in tensile fracture, 263

laminated, 278

longitudinal hues of, 303

micro -structure of, 173

Permanence of aluminium aUoys,

332

metals, 327

Personal names in metallography

of steel, 172
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Phase, amorphous, defined, 249

in hardened
steel, 181

definition of, 119

Phase-fields

in copper-tin alloys, 147

in Hoyt's ternary diagram ,151
in zinc-copper alloys, 141, 142

of aluminium-copper alloys,

155

of aluminium-zino alloys, 138

Phase rule, 119

limitations of, 121

Phases, redundant, 121

Phosphide euteotic in cast iron, 316
of copper, 152

of iron, 315

Phosphor bronze, 152

Phosphoric banding in steel, 304

Phosphorus as deoxidiser, 152

banding in steel, 237,

315

-copper alloys, 152

in axles, 315

in ferrite, 173

in iron and steel,34,315

in rails, 315

in steel, for machining,

312

in tyres, 316

reagent (Eosenhain

and Haughton), 35

springs, 315

Photomicrography, 58

illumination for, 57

Physical equihbrium, ultimate, 274
meaning of tension tests,

197

metallurgy, definition, 1

metallurgy, practical im-

portance of, 3

properties and anneahng,
268

and crystal

size, 274

and strength,

195

Physical

—

continued,.

properties of alloys, 102

Picrate, sodium, etchiug with, 325

Picric acid, 31

as etching reagent, 173

Pipe in an ingot, 295, 323

Plastic crystals, 67

extension of metals, 207

Plasticity of crystals, 247

Platinum, 70, 80

PoHsh attack, 33
" PoKshed " surfaces in hquids, 27

Polishing, 18, 23

cloths, 28, 29

powders, action of, 26, 27

test of, 30

Polygonal grains, 67

Polyhedral structure, 62

of y-iron boM solution, 174

Porous metals, Hanover, 134

Potential, electro -chemical, 117
Potentiometer, 82

Practical bearing of constitutional

diagram, 146
" Predominant partner " in eutec-

tic, 134

Preservation of specimens, 37

Press-forging, 302

Pressure factor in equihbrium dia-

grams, 120

Prevention of segregation, 298
" Primitive " elastic limit, 203

Principle, simple, in mechanical
testing, 195

Prism reflector, 41

Process, metallurgy, definition

of, 1

Projection apparatus, 58

eye-piece, 58
Projections of ternary models,

126

Prolonged annealing, 268, 272
Properties, machining, of aUoys,

311

Prop rtionaUty, limit of, 205
Protection against corrosion, 329,

331
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Protective coating, cement as, 330
Protectors for thermo-couples, 81

Punched holes, brittleness near,

310
Punching tests, 216
Pure metal, cooling-curve of, 85

structure of, 61

Pure metals, temperature co-effi-

cient of, 115

under oblique light,

63
Purity, " excessive " difficulties of,

313

Quantity of heat evolved, arrest

points, 103

Quenched steel, 177

Martensite in, 179

transition products in, 178
Quenching, 102

bath, 326
cracks, 326

and enclosures, 318
defects arising in, 326

for determination of iron-

carbon aolidus, 163

pure iron, defects of, 171

tin-copper alloys, 149

unequal, and warping, 326

Eadial crystals in tin plate, 293
structure and isothermals,

291

Kails, phosphorus in, 315
Sange of alternating stress, safe,

226
Rapid list working, 301

Bate of cooling and structure in

castings, 287
straining and resistance,

259

Bazors, steaming of, 271

Be-appearance of scratching on
etching, 28

B6aumur malleable castings, 190

" Becalescence " curves, 175

Recalescence of eutectoid steel,

175

Becovery from over-strain, 249

Becrystallisation and annealing,

266
spontaneous, 308

Be-entrant angle in castings, 292

isothermals at,

292

Beflector, opaque, 41

plain glass, 40

Eefractory metals in alloys, 319

Be-heating, defects arising in,

325

of white iron, 189

Belief polishing, 30

Bepeated blow impact tests, 236
impact, Stanton's test,

236
Besearch on aluminium alloys,

334
Besidue analysis in compounds,

118

Besistance and rate of straining,

259

to abrasion of man-
ganese - aluminium

-

copper alloys, 157

to corrosion of man-
ganese - aluminium •

copper alloys, 157

to impact, nature of,

232

Besolving power, 52

Bhodium, 80
" Riser," 295
Bokes, 324

Boiling, 300

deformation by, 302

liquid core ingots, 296

Bontgen rays, use of, 17

Rose, on annealing gold, 270
Bosenhain and Ewen

on annealing lead, 269

on fracture of metals at high
temperatures, 260
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Bosenhain and Haughton on phos-

phorus in steel, 304

Bosenhain and Humfrey
on Arj, 170

on relative hardness of 3 and
y-iron, 180

on straining iron at high

temperatures, 258, 259

Bosenhain and Tucker on lead-tin

alloys, 133

microscope, 43

Bosenhain' 8 apparatus for thermal

curves, 79

levelling device, 59

quenching apparatus,

102

Botation effect, 63

Eouge, 29

Bules for hardening steel, 185

Rupture, work of, 234

Safe range of alternating stress,

226
Samter on hot-etching of steel, 174

Sankey's testing machine, 231

Sauveur on crystal growth, 267

Scale of structure, 69

rolled into surface, 324

Sclerometer, Martens', 222

Turner's, 222

Scleroscope, Shaw's, 222

Scratches, re-appearance on etch-

ing, 28

Sea, action of, on aluminium, 332

Season cracking, 325
" Season cracking " of hrass, 308

and temperature, 309

Section of fracture, 252

Sections embedded in electro

-

copper, 245

of ternary models, 126

Segregation in aluminium alloys,

321

in ingots, 297, 323

in non-ferrous alloys,

320

prevention of, 298

Semi-plasticity and over-strain,

248

Service, tests results, correlation

of, 196

Severely strained metal, structure

of, 246
Shaft, steel, burnt, 325

fractured, 323

Shaw's scleroscope, 222

Shear test, alternating, 229

Sheared edges, brittleness near,

310

Shearing impact tests, 235

test, 215

Shepherd and Blugh on tin-copper

alloys, 148

Shepherd's copper-zinc diagram,

141

Shock and crystal size, 275
fracture, 252

of steel, 256
Shrinkage cavities, 294
Silica, 81

Silicate of manganese in steel, 317

Silicon, 110

absorption by aluminium, 289

in aluminium, 316

in ferrite, 173

Silver, 70, 81

-copper, 99

-gold, 74

twinning in, 251

Similarity, law of, in testing, 194

Simple metallurgical microscope,

41, 42

principle in mechanical

testing, 195

Single blow impact tests, 233

Sinking constituents, 320
Size of crystals and physical

properties, 274

Skimming, 323

Slag enclosures in steel, 317
Slip and crystal size, 274

and twinning, 276
-bands at high temperatures,

259
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Slip-bands — continued.

defined, 243
dimensions of, 245
formation of, 243
in cross-section, 245
in eutectic alloys, 261

in iron, 243
in lead, 243
in nickel steel, 243

in twinned metal, 251

optical character of,

244
under oblique light,

245
Sodium picrate, etching with, 325
Softening temperature, 266
Soldering heavy copper-aluminium

alloys, 335
Solders, lead-tin alloys, 134

Solid matter, metals simplest

form, 3

solubility, limit of, 73

solution, cooling-curve of,

97

freezing of, 95

y-iron, 164

impurities in, 314

saturated, 99

solutions, 73

conductivity of. 111

cores in, 96

dendritic cores in, 74

diffusion in, 96 ,

limit of, 105

liquidus of, 97, 98

solidus of, 97

Solidification, rate of, 287
" Solidus," 94

Solidus determined by quenching,

105

of iron-carbon alloys, 163

of partly euteotiferous sys-

tem, 100

Solubility

of carbide in a, and y-iron,

167

of cementite in y-iron, 164

Solubility—continued.

of copper in solid aluminium,
156

of tin in lead, 132

Sorbite, defined, 184

Sound ingots, Hadfield's process,

296
Soundness of ingots, 294
Special steels, 192

Specification of impurities by
analysis, 314

Specific heat, 117

tenacity, 13

volume of alloys, 108

amalgams, 108

Specimens, drying, 36

for microscopic exami-
nation, methods of

cutting, 20, 21

preservation of, 37

washing of, 36

Spherulites of eutectic, 134

Spontaneous annealing and re-

crystaUisation, 308
disintegration in alu-

minium alloys, 158,

333

Springs, phosphorus in, 315
Stable equilibrium, 94

Stage of microscope, movable, 42

Stanton and Bairstow on alternat-

ing stress fractures, 264
Stanton's direct alternating stress

test, 228, 229

repeated impact test,

236

State, metallic meta-stabUity of,

328

Statical tests, defined, 213

Stead and Carpenter on crystal-

lisation of electrolytic iron, 279
Stead on cleavage in steel sheets,

275

heat-tinting, 304
Steel, 75, 80, 121

alloy, Austenitic, 284

aluminium in, 295
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Steel

—

contmued.

and cast iron, distinction

between, 186

and iron, annealing of, 271

annealing above Acs, 279

annealing below An, 277

arrest-points of, names of,

172

baUed-up cementite in, 325

behaviour under tensile test,

207
" burnt," 283

carbon, as duplex alloy, 203

case-hardening of, 190

castings, heat refining of, 294
sulphides in, 294

cementation of, 191

cementite and micro-structure

of, 176

cleavage fracture in, 263, 264
containing 0-2 per cent, car-

bon, 171
0*2 per cent, car-

bon,micro-struc-

ture of, 172
0-6 per cent, car-

bon, 174
0'9 per cent, car-

bon.micro -struc-

ture of, 175

critical range and heat treat-

ment, 277
" dead melted," 295
deoarburisation of, 320

eutectoid, micro -structure of,

175

recalescence of, 175

fluid compression of, 296

for. automatic machines, 312

fractures, ts^pes of, 256, 263

hardened, amorphous iron-

carbide solution in, 182

hardening of and twinning,

181

practice and the

constitutional

diagram, 184

Steel

—

continued.

hardening, rules for, 185

hardness of, and allotropic

iron, 167

heat refining of, 282

heat-treatment of, 277

hot-etching of, 174

hypereuteetoid, quenched,

176

hypo-eutectoid, 183

in electric furnace, 317
large castings in, 287
mechanical properties of and

enclosures, 318

mild, stress-strain diagram of,

210
yield-point in, 207

nickel, slip-bands in, 243
of eutectoid composition, 175
oil quenching of, 186

over-heated, 281, 325
angular structure of, 282

phosphide bands in, 237, 304,

312, 315

quenched, 173, 177

Martensite in, 179

transition products in,

178

semi - plasticity in over-

strained, 248
sheets, cleavage in, 275
silicate of manganese in, 317
soft, temperature tenacity

curve of, 179

strained at 1,000° C, 259
tempered, troostite in, 183

surface deoarburisation of,

272
Steels, alloy, 192

heat treatment of, 284
special, 192, 322
sulphide of manganese in,

317
Stopping down, 47, 49, 51

Strain and crystal growth, 273
effect on crystal boundaries,

256
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Strain

—

continued.

effect on structure, 241

-hardened metal, 260, 300
-hardening and elastic

limits, 247,

248

local, 247, 325

-hardness and fatigue, 306

not reliable, 309

uses of, 306
plastic and semi-plasticity,

248
Strained metal,

amorphous layers in, 246
structure of, 246

Strained Swedish iron, 241

Straining at high temperatures,

259

duplex alloys, 260
eflects of tool out, 310

ferrite before and after,

243
of eutectics, 261

machine (Ewing and
iKosenhain's), 242

steel at 1,000° C, 259
sudden, at high tempera-

tures, 269

Strength and crystal boundaries,

274
" Strength " and physical proper-

ties, 196

Strength of tin-copper alloys, 148

ultimate of duplex alloys,

262
Stresses, alternating, 224

Stress-strain diagram, 202, 207,

210,211
torsional, 214

indicator, Dalby's,

202

Stretching of metal, elastic, 203

Structure and annealing, 266

and rate of cooling a

casting, 287

and shape of castings,

290

Structure

—

continued.

angular of over-heated

ste^l, 282

banded, and crystal

cores, 304

efiect of strain on, 241

longitudinal, in hot-

rolled metal, 303

of severely strained

metal, 246

radial, and isothermals,

291

scale of, 69

Sulphides in steel castings, 294

Sulphuric acid, 32

Sulphur-prints, 318

Surface decarburisation of steel,

272
" Surface energy," 273

Surface flow in metals, 26

liquidus, of ternary alloys,

126
" Surface tension," 273

Surfaces in constitutional model
of ternary system, 125

Swedish iron, 61

strained, 241

System, crystallographic, 71

Tabulation of defects, 322

Talbot on sound ingots, 296

Temperature
and season cracking, 309

annealing, 266, 270

casting, 288, 323

CO -efficient and constitutional

diagram, 115

electrical conduc-

tivity, 110, 115

finishing, and micro -structure,

300

measurement, 80

softening, 266

tenacity curve for soft steel,

179

Temperatures, critical, 322
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Temper-carbon, 189

Tempering, defects arising in, 326
of steel, 183

unequal, 326
Temporary mobile layers, 246, 247

condition of

metal, 25

Tensile machine, English type, 199

testing,

local contraction in,

207

machine, Amsler's,

201

pressure gauge
type, 200

machines, 198

tests, data derived from,

203

Tension, fracture under, 252

internal, 324

surface, 273
tests, 197

comparison with tor-

sion, 215

physical meaning of,

197

Ternary alloys, 123

as modifications of binary,

127

derived from lead-tin, 135

graphical representation of,

124

of tin, zinc and copper, 150

simplification of, 127

Ternary investigations, difficulty

of, 128

models, projections of,

126

sections of, 126

Test, Arnold's, 231, 239

-bars, notched, 236

Charpy's, 233

compression, 211

Testing by bending, 217

by punching, 216
hardness, 218

in shear, 215

Testing

—

continued.

in torsion, 213

machine, Emery's, 198,

199

Izod's, 233

lever, 200

Martens', 198
mechanical, simple prin-

ciple in, 195

methods, compared, 237,

238

of materials, history of,

13

of metals, mechanical, 193
Tests,

alternating shear and tor-

sion, 229, 230
comparative on zinc-alumi-

nium aUoys, 238
direct alternating stress, Stan-

ton's, 228, 229
dynamic, 223

imitative, conditions for, 194

impact, 232

repeated blow impact, 236
results in service, correlation

of, 196

shearing impact, 236
single blow impact, 233
torsion impact, 235
Wohler's, 226, 254

Thallium, polishing of, 24

Theory, allotropic, of hardness of

steel, 180

amorphous, 180, 246, 266
chemical, or corrosion,

328

of amorphous cement, 257

phase, 250
of corrosion, electrolytic,

328

Thermal analysis, 104

of aluminium - zinc

alloys, 139

arrest at freezing point,

85

conductivity, 117
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TheTvaal— continued.
curve and constitutional

diagram, 92
curves of 0'6 per cent.

carbon steel, 174
curves, Eosenhain's ap-

paratus, 79

treatment, 265

defects arising in,

325
Thermo-couples, calibration of, 81

platinum, 80
protection of, 81

electric couple, 80

properties, 117
Thin sections of metals, 17

Time-temperature curve, 83
Tin, 81

-aluminium - copper alloys,
157

and lead alloys of, 131

annealing, 269
antimony, 321

brass, corrosion of, 321

copper, 103, 146

alloys, anomalous be-

haviour of phase,

149

constitutional dia-

gram of, 147

oxide in, 152

strength of, 148

twinning in, 148

lead, 75

alloys, constitutional dia-

gram of, 133

micro-structure of,

133

-bismuth, liquidus surface

of, 126

-magnesium, 101

plate, radial crystals in, 293

pure, brittleness of, near melt-

ing-point, 260
solubility of, in lead, 132

-zinc-copper alloys, 150

Tool cut, straining effects of, 310

Tools, clogging of, 311

cutting, action of, 309

Torsion impact test, 235

test, alternating, 230

comparison with ten-

sion, 215
tests, 213

Torsional stress-strain diagrams,

214
Transformations in

solid alloys, 102

tin-copper alloys, 103, 148

Transformer sheet iron, 109

Transition products in quenched
steel, 178

Treatment, defects arising from,

322

effect of, on duplex
aUoys, 262, 263

errors of, 321

mechanical, 285
Triangular diagram for ternary

alloys, 124

Troostite, 283

defined, 183

Tube length of microscope, 45

Tubes, condenser, corrosion of, 331

Tungsten, 330
Turner's sclerometer, 222

Twinning, 251

and cleavage, 276
and slip-bands, 251

in copper and brass, 275
in copper-tin alloys, 148

in y-iron, 252

in hardened steel, 181

Type-metal, 135

Types of fracture of steel, 263

Tyres, phosphorus in, 315

Ultimate physical equilibrium,

274
Under-cooling of metals, 249

Unequal cold-working, 324

tempering, 326

Unsoundness in castings, 323
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Vanadium, 71

Vamisli, bituminous, 329

Varnishing, specimens, 37

Venting of moulds, 323

Vertical illumination, 39, 42

Vibration and supposed " crystal-

lisation," 254
Viscous flow at crystal boundaries,

259

Volatilisation, losses from, 322

Volume, specific, of alloys, 108

Walker and Cushman on corro-

sion, 328
Warping due to unequal quench-

ing, 326

of " aluminium " cast-

ings, 334
Washing specimens, 36

Weakness of re-entrant angles, 292
Wear, 327

Welding, partial, of fissures, 324
White bearing metals, 135

iron, re-heating of, 189

structure of, 187

Whitworth " fluid compression,"

296
Wohler on fatigue of metals, 224

test, 225, 254
interpretation of, 226

Wohler's alternating stress test,

224

Work, insufficient, in forging, 323
of rupture, 234

Wrought iron, cleavage in, 275

Yield-point in duplex alloys, 262

in iron and steel, 207
Young's modulus, 203

Zeigler on slag enclosures as

nuclei, 281

Zinc, 72, 74, 81, 87, 112

-aluminium alloys, 136

comparative tests on, 238
cooUng-curves of, 140
phase -fields of, 138

thermal analysis, 139

and aluminium, machining of,

312

annealing, 269

basic chloride of, 331

-copper alloys, 141

fi phase in, 144, 145

constitutional diagram,

141

y phase in, 145

heat treatment of, 144

oxide in, 152

loss of from brass, 320
-tin-copper alloys, 150

Zones of lenses, 47
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Abbott, A. V. The Electrical Transmission of Energy. 8vo, *Ss oo

A Treatise on Fuel. (Science Series No. 9.) i6ino, o 50

Testing Machines. (Science Series No. 74.) i6mo, o 50

Adam, P. Practical Bookbinding. Trans, by T, E. Maw i2mo, *2 50

Adams, H. Theory and Practice in Designing 8vo, *2 50

Adams, H. C. Sewage of Sea Coast Towns 8vo *2 00

Adams, J. W. Sewers and Drains for Populous Districts 8vo, 2 50

Addyman, F. T. Practical X-Ray Work 8vo, *4 00

Adler, A. A. Theory of Engineering Drawing 8vo, *2 00

Principles of Parallel Projecting-line Drawing 8vo, *r 00
Aikman, C. M. Manures and the Principles of Manuring 8vo, 2 50
Aitken, W. Manual of the Telephone 8vo, *8 <io

d'AIbe, E. E. F., Contemporary Chemistry ismo, '125
Alexander, J. H. Elementary Electrical Engineering i2mo, 2 oa
Allan, W. Strength of Beams Under Transverse Loads. (Science Series

No. 19.) i6mo, o 50

Theory of Arches. (Science Series No. 11.) i6mo,

Allen, H. Modern Power Gas Producer Practice and Applications. i2mo, ^2 50
Gas and Oil Engines 8vo, *4 50

Anderson, F. A. Boiler Feed Water 8vo, *i 50
Anderson, Capt. 6. L. Handbook for the Use of Electricians Svo, 3 00

Anderson, J. W. Prospector's Handbook i2mo, i 50
And£s, L. Vegetable Fats and Oils Svo, *4 00

Animal Fats and Oils. Trans, by C. Salter Svo, *4 00

Drying Oils, Boiled Oil, and Solid and Liquid Driers Svo, *5 00
Iron Corrosion, Anti-fouling and Anti-corrosive Paints. Trans, by

C. Salter 8vo, *4 00
And€s, L. Oil Colors, and Printers' Ink. Trans, by A. Morris and

H. Sobson Svo, *2 50
Andes, L. Treatment of Paper for Special Purposes. Trans, by C. Salter.

i2mo, *2 50
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Andrews, E. S. Reinfoiced Concrete Construction i2mo, *i 25
Theory and Design of Structures 8vo, "'s 50

Further Problems in the Theory and Design of Structures 8vo, *2 50

Annual Reports on the Progress of Chemistry. Nine Volumes now ready.

Vol. I. 1904, Vol. IX, 191 2 8vo, each, 2 oo<

Argand, M. Imaginary Quantities. Translated from the French by

A. S. Hardy. (Science Series No. 52.) i6mo, 050
Armstrong, R., and Idell, F. E. Chimneys for Furnaces and Steam Boilers.

(Science Series No. i.) i6mo, o s >

Arnold, E. Armature Windings of Direct-Current Dynamos. Trans, by

F. B. DeGress 8vo, "'2 oo
Asch, W., and Asch, D. The Silicates in Chemistry and Commerce . 8vo, *6 00

Ashe, S. W., and Keiley, J. D. Electric Railways. Theoretically and

Practically Treated. Vol. I. Rolling Stock i2mo, *2 50

Ashe, S. W. Electric Railways. Vol. II. Engineering Preliminaries and

Direct Current Sub-Stations i2mo, *2 so
Electricity: Experimentally and Practically Applied ramo, *2 oo;

Ashley, R. H. Chemical Calculations (In Press.)

Atkins, W. Common Battery Telephony Simplified i2mo, *i 25
Atkinson, A. A. Electrical and Magnetic Calculations 8vo, *i 50'

Atkinson, J. J. Friction of Air in Mines. (Science Series No. 14.) . . i6mo, o 50
Atkinson, J. J., and Williams, Jr., E. H. Gases Met with in Coal Mines.

(Science Series Ho. 13.) i6mo, o 5o

Atkinson, P. The Elements of Electric Lighting i2mo, i so

The Elements of Dynamic Electricity and Magnetism r2mo, 2 00

Power Transmitted by Electricity i2mo, 2 00

Auchincloss, W. S. Link and Valve Motions Simplified 8vo, *i 50

Ayrton, H. The Electric Arc 8vo, *$ 00

Bacon, F. W. Treatise on the Richards Steam-Engine Indicator . . i2mo, i 00

Bailes, G. M. Modern Mining Practice. Five Volumes 8vo, each, 3 50
Bailey, R. D. The Brewers' Analyst 8vo, *$ 00

Baker, A. L. Quaternions 8vo, *i 25
Thick-Lens Optics i2mo, *i 50

Baker, Benj. Pressure of Earthwork. (Science Series No. 56.)... i6mo,

Baker, I. 0. Levelling. (Science Series No. 91.) i6mo, o 50

Baker, M. N. Potable W»ter. (Science Series No. 61.) i6mo, o 50

Sewerage and Sewage Purification. (Science Series No. 18.) „i6mo, o so

Baker, T. T. Telegraphic Transmission of Photographs izmc, *r 25

Bale, G. R. Modern Iron Foundry Practice. Two Volumes, ijmo.

Vol. I. Foundry Equipment, Materials Used *2 so

VoL II. Machine Moulding and Moulding Machines *i so

Bale, M. P. Pumps and Pumping i2mo, r 50
Ball, J. W. Concrete Structures in Railways 8vo, *2 50

Ball, R. S. Popular Guide to the Heavens 8vo, *4 50

Natural Sources of Power. (Westminster Series.) .. . 8vo, *2 00

Ball, W. V. Law Affecting Engineers 8vo, *3 50

Bankson, Lloyd. Slide Valve Diagrams. (Science Series No. 108.) . i6mo, 50

Barba, J. Use of Steel for Constructive Purposes 12mo, i 00

Barham, G. B. Development of the Incandescent Electric Lamp. . . . 8vo, *2 oo
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Barker, A. F. Textiles and Their Manufacture. (Westminster Series.) 8vo, 2 00

Barker, A. F., and Midgley, E. Analysis of Textile Fabrics 8vo, 3 00

Barker, A. H. Graphic Methods of Engine Design i2mo, *r 50

Heatirig and Ventilation 4to, *8 00

Barnard, J. H. The Naval Militiaman's Guide i6mo, leather i 00

Barnard, Major J. G. Rotary Motion. (Science Series No. 90.) i6mo, est
Barrus, G. H. Boiler Tests 8vo, *3 co

Engine Tests 8vo, "4 00

The above two purchased together *6 00

Barwise, S. The Purification of Sewage i2njo, 3 50

Baterden, J. R. Timber. (Westminster Series.) 8»o, *2 co

Bates, E. L., and Charlesworth, F. Practical Mathematics i2mo,

Part I. Preliminary and Elementary Course 'i 50

Part U. Advanced Course *i 50

Practical Mathematics i2mo, *i 50
—— Practical Geometry and Graphics i2mo, *2 00

Beadle, C. Chapters on Papermaking. Five Volumes T2mo, each, *2 00

Beaumont, R. Color in Woven Design 8vo, *6 oa

Finishing of Textile Fabrics 8vo, *4 co

Beaumont, W. W. The Steam-Engine Indicator 8vo, 2 50
Bechhold, H. Colloids in Biology and Medicine. Trans, by J. G.

Bullowa (1)1 Press.)

Beckwith, A. Pottery 8vo, paper, o 60

Bedell, F., and Pierce, C. A. Direct and Altematine Current Manual.

8vo, '2 00

Beech, F. Dyeing of Cotton Fabrics 8vo, *3 00

Dyeing of Woolen Fabrics Svo, *3 50
Begtrup, J. The Slide Valve 8vo, ^2 00

Beggs, G. E. Stresses in Railway Girders and Bridges (In Press.)

Bender, C. E. Continuous Bridges. (Science Series No. 26.) i6mo, o 50

Proportions of Piers used in Bridges. (Science Series No. 4.)

i6mo, o 50

Bennett, H. G. The Manufacture of Leather 8vo, *4 50

Leather Trades (Outlines of Industrial Chemistry). Svo. .(In Press.)

Bernthsen, A. A Text - book of Organic Chemistry. Trans, by G.

M'Gowan i2mo, *2 50

Berry, W. J. Differential Equations of the First Species. i2mo. (In Preparation.)

Bersch, J. Manufacture of Mineral and Lake Pigments. Trans, by A. C.

Wright 8vo, *s Co
Bertin, L. E. Marine Boilers. Trans, by L. S. Robertson 8vo, 5 00

Beveridge, J. Papermaker's Pocket Book i2mo, *4 00
Binnie, Sir A. Rainfall Reservoirs and Water Supply Svo, *3 00

Binns, C. F. Ceramic Technology Svo, *s 00
Manual of Practical Potting Svo, *7 50
The Potter's Craft i2mo, *2 00

Birchmore, W. H. Interpretation of Gas Analysis i2mo, *i 25
Blaine, R. G. The Calculus and Its Applications i2mo, *i So
Blake, W. H. Brewers' Vade Mecum Svo, 4 00
Blasdale, W. C. Quantitative Chemical Analysis. .. .i2mo. (In Press.)

Bligh, W. G. The Practical Design of Irrigation Works 8vo, *(, qq



D. VAN NOSTRAND CO.'S SHORT TITLE CATALOG 5

Sloch, L. Science of Illumination. Trani. by W. C. Clinton &to, "2 So
Blok, A. Illumination and Artificial Lighting i2mo, i 25

Bliicher, H. Modem Industrial Chemistry. Trans, by J. P. Millington.

Svo, ? 50

Blyth, A. W. Foods: Their Composition and Analysis 8vo, 7 50
Poisons: Their Effects and Detection 8vo, 7 50

BSckmann, F. Celluloid i2mo, *2 50
Bodmer, G. R. Hydraulic Motors and Turbines i2mo, S o"

Boileau, J. T. Traverse Tables 8vo, 5 00

Bonney, G. E. The Electro-platers' Handbook i2mo, i 20

Booth, N. Guide to the Ring-spinning Frame i2mo, *i 25
Booth, W. H. Water Softening and Treatment 8vo, *2 50

Superheaters and Superheating and Their Control 8vo, 'i 50
Bottcher, A. Cranes: Their Construction, Mechanical Equipment and

Working. Trans, by A. Tolhausen 4to, '10 00

Bottler, M. Modem Bleaching Agents. Trans, by C. Salter ... .i2mo, *2 50
Bottone, S. R. Magnetos for Automobilists i2mo, *i 00

Boulton, S. B. Preservation of Timber. (Science Series No. 82.) . i6mo, o 50
Bourcart, E. Insecticides, Fungicides and Weedkillera 8vo, "4 50
Bourgougnon, A. Physical Problems. (Science Series No. 113.). i6mo, 050
Bourry, E. Treatise on Ceramic Industries. Trans, by A. B. Searle.

8vo, *s 00

Bow, R. H. A Treatise on Bracing 8vo, 1 50
Bowie, A. J., Jr. A Practical Treatise on Hydraulic Mining 8vo, 5 00

Bowker, W. R. Dynamo, Motor and Switchboard Circuits 8vo, '2 30
Bowles, O. Tables of Common Rocks. (Science Series No. i2S.).i6mo, o 50

Bowser, E. A. Elementary Treatise on Analytic Geometry i2mo, i 75—— Elementary Treatise on the Differential and Integral Calculus . i2mo, 2 25
—— Elementary Treatise on Analytic Mechanics i2mo, 3 00
— ^— Elementary Treatise on Hydro-mechanics i2mo, 2 50

A Treatise on Roofs and Bridges i2mo, "2 25

Boycott, G. W. M. Compressed Air Work and Diving 8vo, *4.oo

Bragg, E. M. Marine Engine Design i2mo, *2 00

Brainard, F. R. The Sextant. (Science Series No. loi.) i6mo,

Brassey's Naval Annual for 1911 8vo, *6 00

Brew, W. Three-Phase Transmission 8vo, *2 00

Briggs, R., and Wolff, A. R. Steam-Heating. (Science Series No.

67.) i6mo, o so
Bright, C. The Life Story of Sir Charles Tilson Bright 8vo, *4 50

Brislee, T. J. Introduction to the Study of Fuel. (Outlines of Indus-

trial Chemistry.) 8vo, *$ 00

Broadfoot, S. K. Motors, Secondary Batteries. (Installation Manuals
Series.) izmo, *o 75

Broughton, H. H. Electric Cranes and Hoists *9 00

Brown, G. Healthy Foundations. (Science Series No. 80.) i6mo, o 50

Brown, H. Irrigation 8vo, .*5 00

Brown, Wm. N. The Art of Enamelling on Metal i2mo, =^1 00

Handbook on Japanning and Enamelling i2mo, *i 50

House Decorating and Painting i2mo, *i 50

. History of Decorative Art i2mo, "i 25
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Brown Wm. N. Dipping, Burnishing, Lacquering and Bronzing
' Brass Ware "mo, *i oo

Workshop Wrinkles 8vo, 'i oo

Browne, C. L. Fitting and Erecting of Engines 8vo, *i 50

Browne, R. E. Water Meters. (Science Series No. 81.) i6mo, o so

Bruce, E. M. Pure Food Tests i2nio, *i 25

Bruhns, Dr. New Manual of Logarithms 8vo, cloth, 2 00

half morocco, 2 50

Brunner, R. Manufacture of Lubricants, Shoe Polishes and Leather

Dressings. Trans, by C. Salter 8vo, "3 00

Buel, R. H. Safety Valves. (Science Series No. 21.) i6mo, o 50

Burns, D. Safety in Coal Mines izmo, '1 00

Burstall, F. W. Energy Diagram for Gas. With Text 8vo, i 50

Diagram. Sold separately *i 00

Burt, W. A. Key to the Solar Compass i6mo, leather, 251
Burton, F. G. Engineering Estimates and Cost Accounts izmo, *i 50

Buskett, E. W. Fire Assaying i2mo, "i 25

Butler, H. J. Motor Bodies and Chassis 8vo, '2 50

Byers, H. G., and Knight, H. G. Notes on Qualitative Analysis 8vo, 'r 50

Cain, W. Brief Course in the Calculus i2mo, *i 75
Elastic Arches. (Science Series No. 48.) i6mo, o 50

—— Maximum Stresses. (Science Series No. 38.) i6mo, o 50

Practical Designing Retaining of Walls. (Science Series No. 3.)

i6mo, o 50

Theory of Steel-concrete Arches and of Vaulted Structures.

(Science Series No. 42.) i6mo, o so
—— Theory of Voussoir Arches. (Science Series No. 12.) i6mo, o 50

Symbolic Algebra. (Science Series No. 73.) i6mo, o 50
Campin, F. The Construction of Iron Roofs 8vo, 2 00

Carpenter, F. D. Geographical Surveying. (Science Series No. 37.) .i6mo.

Carpenter, R. C, and Diederichs, H. Internal Combustion Engines. . 8vo, *s 00

Carter, E. T. Motive Power and Gearing for Electrical Machinery. 8vo, *5 00

Carter, H. A. Ramie (Rhea), China Grass i2mo, '2 00

Carter, H. R. Modern Flax, Hemp, and Jute Spinning 8vo, '3 00

Cary, E. R. Solution of Railroad Problems with the Slide Rule. . i6mo, "i 00

Cathcart, W. L. Machine Design. Part I. Fastenings 8vo, *3 00

Cathcart, W. L., and Chaffee, J. I. Elements of Graphic Statics . . .8vo, *3 00

Short Course in Graphics i2mo, 150
Caven, R. M., and Lander, G. D. Systematic Inorganic Chemistry.i2mo, *2 00
Chalkley, A. P. Diesel Engines 8vo, *3 00
Chambers' Mathematical Tables 8vo, 1 75
Chambers, G. F. Astronomy i6mo, "i 50
Charpentier, P. Timber 8vo, *6 00

Chatley, H. Principles and Designs of Aeroplanes. (Science Series

No. 126) i6mo, o 50
' How to Use Water Power i2mo, "i 00
' Gyrostatic Balancing 8vo, "100
Child, CD. Electric Arc 8vo, *2 00
Child, C. T. The How and Why of Electricity i2mo, i 00
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Cramp, W. Continuous Current Machine Design ' 8vo, *2 50

Greedy, F. Single Phase Commutator Motors 8vo, *2 00

Crocker, F. B. Electric Lighting. Two Volumes. 8vo.

Vol. I. The Generating Plant 3 o>

Vol. II. Distributing Systems and Lamps

Crocker, F. B., and Arendt, M. Electric Motors 8vo, '2 50

Crocker, F. B., and Wheeler, S. S. The Management of Electrical Ma-
chinery i2mo, "I 00

Cross, C. F., Bevan, E. J., and Sindall, R. W. Wood Pulp and Its Applica-

tions. (Westminster Series.) 8vo,

Crosskey, L. R. Elementary Perspective 8vo,

Crosskey, L. R., and Thaw, J. Advanced Perspective 8vo,

Culley, J. L. Theory of Arches. (Science Series No. 87.) i6mo,

Dadourian, H. M. Analytical Mechanics i2mo,

Danby, A. Natural Rock Asphalts and Bitumens 8vo,

Davenport, C. The Book. (Westminster Series.) 8vo,

Davies, D. C. Metalliferous Minerals and Mining 8vo,

Earthy Minerals and Mining 8vo,

Davies, E. H. Machinery for Metalliferous Mines 8vo,

Davies, F. H. Electric Power and Traction 8vo,

Foundations and Machinery Fixing. (Installation Manual Series.)

i6mo,

Dawson, P. Electric Traction on Railways 8vo,

Day, C. The Indicator and Its Diagrams i2mo,

Deerr, N. Sugar and the Sugar Cane 8vo,

Deite, C. Manual of Soapmaking. Trans, by S. T. King 4to,

De la Couz, H. The Industrial Uses of Water. Trans, by A. Morris. 8vo,

Del Mar, ,W. A. Electric Power Conductors 8vo,

Denny, G. A. Deep-level Mines of the Rand 4to,

Diamond Drilling for Gold *5

De Roos, J. D. C. Linkages. (Science Series No. 47.) i6mo,

Derr, W. L. Block Signal Operation Oblong i2mo,

Maintenance-of-Way Engineering (In Preparation.)

Desaint, A. Three Hundred Shades and How to Mix Them 8vo,

De Varona, A. Sewer Gases. (Science Series No. 55.) i6mo,

Devey, R. G. Mill and Factory Wiring. (Installation Manuals Series.)

i2mo,
Dibdin, W. J. Public Lighting by Gas and Electricity 8v«,

Purification of Sewage and Water 8vo,

Dichmann, Carl. Basic Open-Hearth Steel Process i2mo,
Dieterich, K. Analysis of Resins, Balsams, and Gum Resins 8vo,
Dinger, Lieut. H. C. Care and Operation of Naval Machinery . . . i2mo,
Dixon, D. B. Machinist's and Steam Engineer's Practical Calculator.

r6mo, morocco, i 25
Doble, W. A. Power Plant Construction on the Pacific Coast {In Press.)
Dommett, W. E. Motor Car Mechanism lamo, *i 25
Dorr, B. F. The Surveyor's Guide and Pocket Table-book.

i6mo, morocco, 2 00
Down, P. B. Handy Copper" Wire Table i6mo, "i 00

2
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Fay, I. W. The Coal-tar Colors 8vo, '4 oo

Fernbach, R. L. Glue and Gelatine 8vo, "3 00

Chemical Aspects of Silk Manufacture i2nio, *i 00

Fischer, E. The Preparation of Organic Compounds. Trans, by R. V.

Stanford izmo, 'i 25

Fish, J. C. L. Lettering of Working Drawings Oblong 8vo, i 00

Fisher, H. K. C, and Darby, W. C. Submarine Cable Testing 8vo, '3 50

Fleischmann, W. The Book of the Dairy. Trans, by C. M. Aikman.

8vo, 4 00

Fleming, J. A. The Alternate-current Transformer. Two Volumes. 8vo.

Vol. I. The Induction of Electric Currents *S 00

Vol. n. The Utilization of Induced Currents "S 00

Fleming, J. A. Propagation of Electric Currents 870, "3 00

Centenary of the Electrical Current 8vo, *o 50

Electric Lamps and Electric Lighting 8vo, *3 00

Electrical Laboratory Notes and Forms 4to, *5 00

A Handbook for the Electrical Laboratory and Testing Room. Two
Volumes 8vo, each, *s 00

Fleury, P. Preparation and Uses of White Zinc Paints 8vo, *2 50

Fleury, H. The Calculus Without Limits or Infinitesimals. Trans, by

C. O. Mailloux {In Press.)

Flynn, P. J. Flow of Water. (Science Series No. 84.) i2mo, o 50
Hydraulic Tables. (Science Series No. 66.) i6mo, o 50

Foley, N. Britishand American Customary and Metric Measures, .folio, *3 oo
Forgie, J. Shield Tunneling 8vo. (In Press.)

Foster, H. A. Electrical Engineers' Pocket-book. {Seventh Edition.)

i2mo, leather, 5 00

Engineering Valuation of Public Utilities and Factories 8vo, '3 00
Handbook of Electrical Cost Data 8vo {In Press.)

Foster, Gen. J. G. Submarine Blasting in Boston (Mass.) Harbor 4to, 353
Fowle,- F. F. Overhead Transmission Line Crossings i2mo, *i 50.

The Solution of Alternating Current Problems Svo {In Press.)

Fox, W. G. Transition Curves. (Science Series No. 110.) i6mo, s>
Fox, W., and Thomas, C. W. Practical Course in Mechanical Draw-

ing i2mo,

Foye, J. C. Chemical Problems. (Science Series No. 69.) i6mo,

Handbook of Mineralogy. (Science Series No. 86.) i6mo,

Francis, J. B. Lowell Hydraulic Experiments 4to,

Franzen, H. Exercises in Gas Analysis i2mo,

Freudemacher, P. W. Electrical Mming Installations. (Installation

Manuals Series.) i2mo,

Frith, J. Alternating Current Design Svo,

Fritsch, J. Manufacture of Chemical Manures. Trans, by D. Grant.

Svo,

Frye, A. I. Civil Engineers' Pocket-book i2mo, leather.

Fuller, G. W. Investigations into the Purification of the Ohio River.

4to,

Fumell, J. Paints, Colors, Oils, and Varnishes Svo.

Gairdner, J. W. I. Earthwork Svo {In Press.)

I
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Gant, L. W. Elements of Electric Traction 8vo, *2 50
Garcia, A. J. R. V. Spanish-English Railway Terms 8vo, '4 50
Garforth, W. E. Rules for Recovering Coal Mines after Explosions and

Fires i2mo, leather, i 50

Gaudard, J. Foundations. (Science Series No. 34.) i6mo, o 50
Gear, H. B., and Williams, P. F. Electric Central Station Distribution

Systems 8vo, '3 oo

Geerligs, H. C. P. Cane Sugar and Its Manufacture 8vo, *5 00

World's Cane Sugar Industry 8vo, *5 00

Geikie, J. Structural and Field Geology 8vo, *4 00—— Mountains. Their Growth, Origin and Decay 8vo, *4 00

The Antiquity of Man in Europe 8vo. (In Press.')

Gerber, N. Analysis of Milk, Condensed Milk, and Infants' Milk-Food. 8vo, i 25

Gerhard, W. P. Sanitation, Watersupply and Sewage Disposal of Country

Houses '. i2mo, "2 00

Gas Lighting (Science Series No. in.) i6mo, o 50

Household Wastes. (Science Series No. 97.) i6mo, o 50

House Drainage. (Science Series No. 63.) i6mo, o jo

Gerhard, W- P. Sanitary Drainage of Buildings. (Science Series No. 93.)

i6mo, o So

Gerhardi, C. W. H. Electricity Meters 8vo, *4 00

Geschwind, L. Manufacture of Alum and Sulphates. Trans, by C.

Salter 8vo, *5 00

Gibbs, W. E. Lighting by Acetylene i2mo, *i 50

Physics of Solids and Fluids. (Carnegie Technical School's Text-

books.) *i 50

Gibson, A. H, Hydraulics and Its Application Svo, *5 00

Water Hammer in Hydraulic Pipe Lines i2mo, *2 00

Gilbreth, F. B. Motion Study i2mo, *2 00

Primer of Scientific Management i2mo, *i 00

Gillmore, Gen. Q. A. Limes, Hydraulic Cements and Mortars Svo, 4 00

Roads, Streets, and Pavements i2mo, 2 00

Golding, H. A. The Theta-Phi Diagram i2mo, *i 25

Goldschmidt, R. Alternating Current Commutator Motor 870, *3 00

Goodchild, W. Precious Stones. (Westminster Series.) Svo, *2 00

Goodeve, T. M. Textbook on the Steam-engine 12mo, 2 00

Gore, G. Electrolytic Separation of Metals Svo, *3 50

Gould, E. S. Arithmetic of the Steam-engine i2m3, i 00

Calculus. (Science Series No. 112.) i6mo, o 50

High Masonry Dams. (Science Series No. 22.) i6mo, o 50

Practical Hydrostatics and Hydrostatic Formulas. (Scieace Series

No. 117.) i6mo, o 50

Gratacap, L. P. A Popular Guide to Minerals Svo, *3 00

Gray, J. Electrical Influence Machines i2mo, 2 00

Marine Boiler Design i2mD, 'i 25

Greenhill, G. Dynamics of Mechanical Flight 8vo, *2 S»
Greenwood, E. ClassifiedGuide to Technical and Coamsrcial Books. 870, *3 00

Gregorius, R. Mineral Waxes. Trans, by C. Salter i2mo, *3 00

Griffiths, A. B. A Treatise on Manures i2mo, 3 00

Dental Metallurgy Svo, *3 50
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Gross, E. Hops Sto,

Grossman, J. Ammonia and Its Compounds izmo,

Groth, L. A. Welding and Cutting Metals by Gases or Electricity.

(Westminster Series) 8vo,

Grover, F. Modern Gas and Oil Engines 8vo,

Gruner, A. Power-loom Weaving 8vo,

GUIdner, Hugo. Internal Combustion Engines. Trans, by H. Diederichs.

4to,

Gunther, C. 0. Integration i2mo,

Garden, R. L. Traverse Tables folio, half morocco,

Guy, A. E. Experiments on the Flexure of Beams 8vo,

Haeder, H. Handbook on the Steam-engine. Trans, by H. H. P.

Powles i2mo,

Hainbach, R. Pottery Decoration. Trans, by C. Salter i2mo,

Haenig, A. Emery and Emery Industry 8vo,

Hale, W. J. Calculations of General Chemistry i2mo.

Hall, C. H. Chemistry of Paints and Paint Vehicles i2mo.

Hall, G. L. Elementary Theory of Alternate Current Working 8vo,

Hall, R. H. Governors and Governing Mechanism i2mo.

Hall, W. S. Elements of the Differential and Integral Calculus 8vo,

Descriptive Geometry 8vo volume and a 4to atlas,

Haller, G. F., and Cunningham, E. T. The Tesla Coil. i2mo,

Halsey, F. A. Slide Valve Gears i2mo,

The Use of the Slide Rule. (Science Series No. 114.) i6mo,

Worm and Spiral Gearing. (Science Series No. 116.) i6mo,

Hamilton, W. G. Useful Information for Railway Men i6ino,

Hammer, W. J. Radium and Other Radio-active Substances 8vo,

Hancock, H. Textbook of Mechanics and Hydrostatics 8vo,

Hardy, E. Elementary Principles of Graphic Statics i2mo,
Harris, S. M. Practical Topographical Surveying (In Press.)

Harrison, W. B. The Mechanics' Tool-book i2mo,

Hart, J. W. External Plumbing Work 8vo,

Hints to Plumbers on Joint Wiping 8vo,

Principles of Hot Water Supply 8vo,

Sanitary Plumbing and Drainage 8vo,

Haskins, C. H. The Galvanometer and Its Uses i6mo,

Hatt, J. A. H. The Colorist square i2mo,

Hausbrand, E. - Drying by Means of Air and Steam. Trans, by A. C.

Wright i2mo, *2 00—— Evaporating, Condensing and Cooling Apparatus. Trans, by A. C.

Wright 8vo, *s 00

Hansner, A. Manufacture of Preserved Foods and Sweetmeats. Trans.

by A. Morris and H. Robson Svo, *3 00

Hawke, W. H. Premier Cipher Telegraphic Code 4to, *s 00

100,000 Words Supplement to the Premier Code 4to, *$ 00

Hawkesworth, J. Graphical Handbook for Reinforced Concrete Design.

4*0, *2 50
Hay, A. Alternating Currents Svo, *2 50

Electrical Distributing Networks and Distributing Lines Svo, *3 50
Continuous Current Engineering Svo, *2 50

*4
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Hayes, H. V. Public Utilities, Their Cost New and Depreciation. . .8vo,

Heap, Major D. P. Electrical Appliances 8vo,

Heather, H. J. S. Electrical Engineering 8vo,

Heaviside, O. Electromagnetic Theory. Vols. I and 11 8vo, each.

Vol. in Svo,

Heck, R. C. H. The Steam Engine and Turbine Svo,

Steam-Engine and Other Steam Motors. Two Volumes.
Vol. I. Thermodynamics and the Mechanics Svo,

Vol. II. Form, Construction, and Working Svo,

Notes on Elementary Kinematics Svo, boards,

Graphics of Machine Forces Svo, boards.

Hedges, K. Modern Lightning Conductors Svo,

Heermann, P. Dyers' Materials. Trans, by A. C. Wright i2mo,

Hellot, Macquer and D'Apligny. Art of Dyeing Wool, Silk and Cotton. Svo,

Henrici, 0. Skeleton Structures Svo,

Hering, D. W. Essentials of Physics for College Students Svo,

Hering-Shaw, A. Domestic Sanitation and Plumbing. Two Vols. . . Svo,

Hering-Shaw, A. Elementary Science Svo,

Herrmann, G. The Graphical Statics of Mechanism. Trans, by A. P.

Smith i2mo,

Herzfeld, J. Testing of Yarns and Textile Fabrics Svo,

Hildebrandt, A. Airships, Past and Present Svo,

Hildenbrand, B. W. Cable-Making. (Science Series No. 32.) ... .i6mo,

Hilditch, T. P. A Concise History of Chemistry izmo,

Hill, J. W. The Purification of Public Water Supplies. New Edition.

(In Press.)

Interpretation of Water Analysis (In Press.)

Hill, M. J. M. The Theory of Proportion Svo,

Hiroi, I. Plate Girder Construction. (Science Series No. 95.) . . . i6mo,

Statically-Indeterminate Stresses i2mo,

Hirshfeld, C. F. Engineering Thermodynamics. (Science Series No. 45.)
i6mo,

Hdbart, H. M. Heavy Electrical Engineering Svo,

Design of Static Transformers i2mo,

Electricity Svo,

Electric Trains Svo,

Hobart, H. M. Electric Propulsion of Ships Svo,

Hobart, J. F. Hard Soldering, Soft Soldering and Brazing i2mo,

Hobbs, W. R. P. The Arithmetic of Electrical Measurements. .. .i2mo,

Hofi, J. N. Paint and Varnish Facts and Formulas i2mo,

Hole, W. The Distribution of Gas Svo,

Holley, A. L. Railway Practice folio.

Holmes, A. B. The Electric Light Popularly Explained. ..i2mo, paper,

Hopkins, N. M. Experimental Electrochemistry Svo,

Model Engines and Small Boats i2mo,

Hopkinson, J., Shoolbred, J. N., and Day, R. E. Dynamic Electricity.

(Science Series No. 71.) i6mo,

Horner, J. Metal Turning i2mo,

Modern Ironfounding i2mo,

Plating and Boiler Making Svo,

Houghton, C. E. The Elements of Mechanics of Materials i2mo.

13

*2
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Houllevigue, L. The Evolution of the Sciences 8vo, *2 oo

Houstoun, E. A. Studies in Light Production i2mo, 2 00

Howe, G. Mathematics for the Practical Man i2mo, *i 25

Howorth, J. Repairing and Riveting Glass, China and Earthenware.
8vo, paper, *o 50

Hubbard, E. The Utilization of Wood-waste 8vo, *2 50

Eiibner, J. Bleaching and Dyeing of Vegetable and Fibrous Materials.

(Outlines of Industrial Chemistry.) 8vo, *5 00

Hudson, 0. F. Iron and Steel. (Outlines of Industrial Chemistry. ).8vo, *2 oa

Kumper, W. Calculation of Strains in Girders i2mo, -^ 50

Humphreys, A. C. The Business Features of Engineering Practice..8vo, *i 25

Hunter, A. Bridge Work 8vo. (In Press.)

Hurst, G. H. Handbook of the Theory of Color 8vo, *2 50

Dictionary of Chemicals and Raw Products 8vo, *3 00

Lubricating Oils, Fats and Greases 8vo, *4 00

^ Soaps 8vo, *5 00

Hurst, G. H., and Simmons, W. H. Textile Soaps and Oils 8vo, *2 :;-)

Hurst, H. E., and Lattey, R. T. Text-book of Physics 8vo, *3 oo

Also published in three parts.

Part I. Dynamics and Heat *i "j

Part n. Sound and Light *i 25

Part III. Magnetism and Electricity ''i 50

Hutchinson, R. W., Jr. Long Distance Electric Power Transmission.

i2mo, •3 oc

Hutchinson, H. W., Jr., and Thomas, W. A. Electricity in Mining. i2mo,

(In Press.)

Hutchinson, W. B. Patents and How to Make Money Out of Them.
i2mo, I 35

Button, W. S. Steam-boiler Construction 8vo, 6 00

Practical Engineer's Handbook 8vo, 7 00

The Works' Manager's Handbook 8vo, 6 00

Hyde, E. W. Skew Arches. (Science Series No. 15.) i6mo, o 50
Eyde, F. S. Solvents, Oils, Gums, Waxes 8vo, *2 00

Induction Coils. (Science Series No. 53.) ^. . . . i6mo, 051)
Ingham, A. E. Gearing. A practical treatise (In Press.)

Ingle, H. Manual of Agricultural Chemistry 8vo, '3 00

Inness, C. H. Problems in Machine Design izmo, *2 00

Air Compressors and Blowing Engines umo, *2 00

Centrifugal Pumps i2mo, "2 00

The Fan i2mo, *2 00
Isherwood, B. F. Engineering Precedents for Steam Machinery .. .8vo, 250
Ivatts, E. B. Railway Management at Stations 8vo, '2 50

Jacob, A., and Gould, E. S. On the Designing and Construction of

Storage Reservoirs. (Science Series No. 6) i6mo, o 50
Jannettaz, E. Guide to the Determination of Rocks. Trans, by G. W.

Plympton i2mo, i 50
Jehl, F. Manufacture of Carbons 8vo, •4 00
Jennings, A. S. Commercial Paints and Painting. (Westminster Series.)

8vo, *2 00
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Jennison, F. H. The Manufacture of Lake Pigments 8vo, *3 00

Jepson, G. Cams and the Principles of their Construction 8vo, *i 50

Mechanical Drawing 8vo [In Preparation.)

Jockm, W. Arithmetic of the Gold and Silversmith i2mo, "i 00

Johnson, J. H. Arc Lamps and Accessory Apparatus. (Installation

Manuals Series.) i2mo, *o 75

Johnson, T. M. Ship Wiring and Fitting. (Listallation Manuals Series.)

i2mo, *o 73

Johnson, W. H. The Cultivation and Preparation of Para Rubber . . Svo, *3 00

Johnson, W. McA. The Metallurgy of Nickel (In Preparation.)

Johnston, J. F. W., and Cameron, C. Elements of Agricultural Chemistry

and Geology i2mo, 2 60

Joly, J. Radioactivity and Geology i2mo, -'3 00

Jones, H. C. Electrical Nature of Matter and Radioactivity i2mo, "2 00
New Era in Chemistry izmo, *2 00

Jones, M. W. Testing Raw Materials Used in Paint i2mo, *2 00

Jones, L., and Scard, F. I. Manufacture of Cane Sugar Svo, *5 00

Jordan, L. C. Practical Railway Sphal i2mo, leather, 'i 50

Joynson, F. H. Designing and Construction of Machine Gearing . .Svo, 2 00

Jiiptner, H. F. V. Siderology: The Science of Lron Svo, *S 00

Kansas City Bridge 4to, 6 00

Kapp, G. Alternate Current Machinery. (Science Series No. 96.).i6mo, o 50

Keim, A. W. Prevention of Dampness in Buildings Svo, *2 00

Keller, S.S. Mathematics for Engineering Students. i2mo, half leather.

Algebra and Trigonometry, with a Chapter on Vectors '1 75

Special Algebra Edition 'i
.
00

Plane and Solid Geometry *i . 25

Analytical Geometry and Calculus *2 00

Kelsey, W. R. Continuous-ciurent Dynamos and Motors Svo, '2 50

Kemble, W. T., and Underbill, C. R. The PeriodicLaw and the Hydrogen

Spectrum Svo, paper, *o 50

Kemp, J. F. Handbook of Rocks Svo, *i so

Kendall, E. Twelve Figure Cipher Code 4to, '12 50

Kennedy, A. B. W., and Thurston, R. H. Kinematics of Machinery.

(Science Series No. 54.) i6mo, o 50

Kennedy, A. B. W., Unwm, W. C, and Idell, F. E. Compressed Air.

(Science Series No. 106.) i6mo,

Kennedy, R. Modem Engines and Power Generators. Six Volumes. 4to,

Single Volumes eath,

Electrical Installations. Five Volumes 4to,

Single Volumes each,

Flymg Machines ; Practice and Design i2mo,

Principles of Aeroplane Construction Svo,

Kennelly, A. E. Electro-dynamic Machinery Svo,

Kent, W. Strength of Materials. (Science Series No. 41.) i6mo,

Kershaw, J. B. C. Fuel, Water and Gas Analysis Svo,

Electrometallurgy. (Westminster Series.) Svo,

The Electric Furnace in Iron and Steel Production i2mo,

Electro-Thermal Methods of Iron and Steel Production. ... Svo,
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Kinzbrunner, C. Alternate Current Windings 8vo, *i 50

Continuous Current Armatures 8vo, *i 50

Testing of Alternating Current Machines 8vo, *2 00
Kirkaldy, W. G. David Kirkaldy's System of Mechanical Testing .. 4to, 10 00

Kirkbride, J. Engraving for Illustration 8vo, *i 50
Kirkwood, J. P. Filtration of River Waters 4to, 7 50
Kirschke, A. Gas and Oil Engines i2mo, *i 25

Klein, J. F. Design of a High-speed Steam-engine 8vo, *s 00

Physical Significance of Entropy 8vo, *i 50

Kleinhans, F. B. Boiler Construction 8vo, 3 00

Knight, R.-Adm. A. M. Modern Seamanship 8vo, *7 50
Half morocco *9 00

Knox, J. Physico-Chemical Calculations i2mo, *i 00
Fixation of Atmospheric Nitrogen. (Chemical Monographs,

No. 4.) i2mo. {In Press.)

Knox, W. F. Logarithm Tables {In Preparation.)

Knott, C. G., and Mackay, J. S. Practical Mathematics 8vo, 2 00
Koester, F. Steam-Electric Power Plants 4to, "5 00

Hydroelectric Developments and Engineering 4to, *s 00
Koller, T. The Utilization of Waste Products 8vo, *3 50

Cosmetics 8vo, '250
Kremann, R. Application of the Physico-Chemical Theory to Tech-

nical Processes and Manufacturing Methods. Trans, by H.

E. Potts 8vo, *3 00

Kretchmar, K. Yam and Warp Sizing. 8vo, *4 00

Lallier, E. V. Elementary Manual of the Steam Engine i2mo, *2 00

Lambert, T. Lead and Its Compounds 8vo, '3 50
Bone Products and Manures 8vo, "3 00

Lambom, L. L. Cottonseed Products 8vo, *3 00
Modern Soaps, Candles, and Glycerin 8vo, *7 50

Lamprecht, R. Recovery Work After Pit Fires. Trans, by C. Salter. 8vo, *4 00
Lancaster, M. Electric Heating, Cooking, Cleaning, .i2mo. {In Press.)

Lanchester, F. W. Aerial Flight. Two Volumes. 8vo.

Vol. I. Aerodynamics *6 00
Aerial Flight. VoL 11. Aerodonetics *6.oo

Larner, E. T. Principles of Alternating Currents i2mo. "i 25
Larrabee, C. S. Cipher and Secret Letter and Telegraphic Code. i6mo, o 60
La Rue, B. F. Swing Bridges. (Science Series No. 107.) i6mo, o 50
Lassar-Cohn. Dr. Modem Scientific Chemistry. Trans, by M. M.

Pattison Muir izmo, "2 00
Latimer, L. H., Field, C. J., and Howell, J. W. Incandescent Electric

Lighting. (Science Series No. 57.) i6mo, o 50
Latta, M. N. Handbook of American Gas-Engineering Practice . . . 8vo, '4 50—— American Producer Gas Practice 4to, *6 00
Lawson, W. R. British Railways. A Financial and Commercial

Survey 8vo, 200
Leask, A. R. Breakdowns at Sea i2mo, 2 00

Refrigerating Machinery i2mo, 2 00
Lecky, S. T. S. " Wrinkles " in Practical Navigation 8vo, *8 00
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Le Doux, M. Ice-Making Machines. (Science Series No. 46.) . . i6mo, o 50
Leeds, C. C. Mechanical Drawing for Trade Schools oblong 4to,

High School Edition *i 25
Machinery Trades Edition *2

. 00

Leffivre, L. Architectural Pottery. Trans, by H. K. Bird and W. M.
Binns 4to, *7 50

Lehner, S. Ink Manufacture. Trans, by A. Morris and H. Robson . 8vo, *2 50
Lemstrom, S. Electricity in Agriculture and Horticulture 8vq, *i 50

Letts, E. A. Fundamental Problems in Chemistry 8vo, *2 00

Le Van, W. B. Steam-Engine Indicator. (Science Series No. 78.)i6mo, o 50
Lewes, V. B. Liquid and Gaseous Fuels. (Westminster Series.) . .8vo, *2 00

Carbonization of Coal 8vo, *3 00

Lewis, L. P. Railway Signal Engineering 8vo, "3 50
Lieber, B. F. Lieber's Standard Telegraphic Code Bvo, *io 00

Code. German Edition 8vo, "lo 00

Spanish Edition 8vo, '10 00

French Edition 8vo, "lo 00

Terminal Index 8vo, *2 50
Lieber's Appendix folio, *i5 00

Handy Tables 4to, *2 50

Bankers and Stockbrokers' Code and Merchants and Shippers'

Blank Tables 8vo, '15 00

100,000,000 Combination Code 8vo, *io 00

Engineering Code Bvo, '1253

Livermore, V. P., and Williams, J. How to Become a Competent Motor-

man i2mo, "i 00

Liversedge, A. J. Commercial Engineering 8vo, *3 00

Livingstone, R. Design and Construction of Commutators 8vo, *2 25.

Mechanical Design and Construction of Generators . 8vo. (/n Press.)

Lobben, P. Machinists' and Draftsmen's Handbook Svo, 2 50

Lockwood, T. D. Electricity, Magnetism, and Electro-telegraph .... 8vo, 2 50

Lockwood, T. D. Electrical Meastirement and the Galvanometer.

i2mo, o 7S

Lodge, O. J. Elementary Mechanics i2mo, i 50

Signalling Across Space without Wires Svo, *2 00

Loewenstein, L. C, and Crissey, C. P. Centrifugal Pumps '4 50

Lord, R. T. Decorative and Fancy Fabrics 8vo, '3 50

Loring, A. E. A Handbook of the Electromagnetic Telegraph i6mo o 50

. Handbook. (Science Series No. 39.) i6mo, o 50

Low, D. A. Applied Mechanics (Elementary) . .
, i6mo, o 80

Liibschez, B. J. Perspective i2mo, 'i 50

Lucke, C. E. Gas Engine Design Svo, '3 00

. Power Plants: Design, Efficiency, and Power Costs. 2 vols.

(In Preparation.)

Lunge, G. Coal-tar and Ammonia. Two Volumes Svo, *is ot

Manufacture of Sulphuric Acid and Alkali. Four Volumes. . . .Svo,

Vol. I. Sulphuric Acid. In three parts '18 op.

Vol. n. Salt Cake, Hydrochloric Acid and Leblanc Soda. la two

parts *iS 00
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Lunge, G. Manufacture of Sulphuric Acid and Alkali.

Vol. m. Ammonia Soda "lo oo

Vol. IV. Electrolytic Methods (In Press.)

Technical Chemists' Handbook i2mo, leather, '3 so
Technical Methods of Chemical Analysis. Trans, by C. A. Keane

in collaboration with the corps of specialists.

Vol. I. In two parts 8vo, '15 00

Vol. II. In two parts 8vo, "1800

Vol. in (In Preparation.)

Lupton, A., Parr, G. D. A., and Perkin, H. Electricity as Applied to

Mining 870, *4 50

.Luijuer, L. M. Minerals in Rock Sections 8vo, *r 5a

Macewen, H. A. Food Inspection 8\ro, '2 50

Mackenzie, N. F. Notes on Irrigation Works 870, '2 50
Mackie, J. How to Make a Woolen Mill Pay 8vo, '2 00

Mackrow, C. Naval Architect's and Shipbuilder's Pocket-book.

i6mo, leather, 5 00

Maguire, Wm. R. Domestic Sanitary Drainage and Plumbing , . . .8vo, 4 00

Mallet, A. Compound Engines. Trans, by R. R. Buel. (Science Series

No. 10.) i6mo,

Mansfield, A. N. Electro-magnets. (Science Series No. 64.) ...i5mo, 050
Marks, E. C. R. Construction of Cranes and Lifda^; Machinery .i2mo, *i 50

Construction and Working of Pumps 12010, "i 50
— — Manufacture of Iron and Steel Tubes i2mo, '2 00—— Mechanical Engineering Materials i2mo, *i 00
Marks, G. C, Hydraulic Power Engineering 8vro, 3 50

Inventions, Patents and Designs i2mo, *i 00
Marlow, T. G. Drying Machinery and Practice 8vo, *5 00

Marsh, C. F. Concise Treatise on Reinforced Concrete 8vo, '2 50
Reinforced Concrete Compression Member Diagram. Mounted on

Cloth Boards *i . 50
Marsh, C. F., and Dunn, W. Manual of Reinforced Concrete and Con-

crete Block Construction i6mo, morocco, '2 50
Marshall, W. J., and Sankey, H. R. Gas Engines. (Westminster Series.)

8vo, '2 00

Martin, G. Triumphs and Wonders of Modern Chemistry 8vo, *2 00

Martin, N. Properties and Design of Reinforced Concrete i2mo, "2 50
Massie, W. W., and Underhill, C. R. Wireless Telegraphy and Telephony.

i2mo, 'i 00

Matheson, D. Australian Saw-Miller's Log and Timber Ready Reckoner.

i2mo, leather, i 50
Mathot, R. E. Internal Combustion Engines 8vo, *6 00
Maurice, W. Electric Blasting Apparatus and Explosives Svo, *3 50

Shot Firer's Guide Svo, *i 50
Maxwell, J. C. Matter and Motion. (Science Series No. 36.).

i6mo, o so
Maxwell, W. H., and Brown, J. T. Encyclopedia of Muncipal and Sani-

tary Engineering 4to, *io 00
Mayer, A. M. Lecture Notes on Physics gvo 2 00
McCulloughj R. S. Mechanical Theory of Heat ' Svo, 3 so
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50

00

50

Mcintosh, J. G. Technology of Sugar 8vo, *4 50
Industrial Alcohol 8vo, *3 00

Manufacture of Varnishes and Kindred Industries. Three Volumes.
8vo.

Vol. I. Oil Crushing, Refining and Boiling *3

Vol. II. Varnish Materials and Oil Varnish Making '4

Vol. in. Spirit Varnishes and Materials *4

McKnight, J. D., and Brown, A. W. Marine Multitubular Boilers 'i 5 j

McMaster, J. B. Bridge and Tunnel Centres. (Science Series No. 20.)

i6nio, o 50
McMechen, F. L. Tests for Ores, Minerals and Metals i2mo, *i 00
McPherson, J. A. Water-works Distribution 8vo, 2 50
Melick, C. W. Dairy Laboratory Guide i2mo, 'i 25
Merck, E. Chemical Reagents; Their Purity and Tests. Trans, by

H. E. Schenck 8vo, i 00
Merivale, J. H. Notes and Formulae for Mining Students i2mo, i 50

Merritt, Wm. H. Field Testing for Gold and SUver i6mo, leather, i 50
Messer, W. A. Railway Permanent Way 8vo (7n Press.)

Meyer, J. G. A., and Pecker, C. G. Mechanical Drawing and Machine
Design 4to, 5 00

Michell, S. Mine Drainage . 8vo, 10 00
Mierzinski, S. Waterproofing of Fabrics. Trans, by A. Morris and H.

Robson 8vo, "2 50
Miller, G. A. Determinants. (Science Series No 105.) i6mo,
Milroy, M. E. W. Home Lace-making i2mo, *i 00
Minifie, W. Mechanical Drawing 8vo, *4 00
Mitchell, C. A. Mineral and Aerated Waters 8vo, '3 00
Mitchell, C. A., and Prideaux, R. M. Fibres Used in Textile and AlUed

Industries 8vo, "3 00
Mitchell, C. F., and G. A. Building Construction and Drawing. i2mo.

Elementary Course *i 50
Advanced Course *2 50

Monckton, C. C. F. Radiotelegraphy. (Westminster Series.) 8vo, "200
Monteverde, R. D. Vest Pocket Glossary of English-Spanish, Spanish-

English Technical Terms 64mo, leather, *i 00
JMontgomery, J. H. Electric Wiring Specifications (In Press.)

Moore, E. C. ?. New Tables for the Complete Solution of Ganguillet and
Kutt jr's Formula 8vo, *s 00

Morecroft, J. H., and Hehre, F. W. Short Course in Electrical Testing.

8vo, "i 50

Moreing, C. A., and Neal, T. New General and Mining Telegraph Code.

8vo,

Morgan, A. P. Wireless Telegraph Apparatus for Amateurs i2mo,

Moses, A. J. The Characters of Crystals 8vo,

and Parsons, C. L. Elements of Mineralogy 8vo,

Moss, S.A. Elements of Gas Engine Design. (Science Series No.i2i.)i6mo,

The Lay-out of Corliss Valve Gears. (Science Series No. ii9.)i6mo,

Mulford, A. C. Boimdaries and Landmarks i2mo,
Mullin, J. P. Modem Moulding and Pattern-making i2mo,

*s
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Munby, A. E. Chemistry and Physics of Building Materials. (West-

minster Series.) Svo, *2 oo

Murphy, J. G. Practical Mining i6mo, i oo
Murphy, W. S. Textile Industries. Eight Volumes *2o oo

Sold separately, each, *3 oo

Murray, J. A. Soils and Manures. (Westminster Series.) 8vo, *2 oo

Naquet, A. Legal Chemistry i2mo, 2 00

Nasmith, J. The Student's Cotton Spinning 8vo, 3 00

Recent Cotton Mill Construction i2mo, 2 oo

Neave, G. B., and Heilbron, I. M. Identification of Organic Compoxmds.
i2mo, *i 2S

Neilson, R. M. Aeroplane Patents 8vo, *2 00
Nerz, F. Searchlights. Trans, by C. Rodgers 8vo, "3 00
Neuberger, H., and Noalhat, H. Technology of Petroleum. Trans, by

J. G. Mcintosh 8vo, *io 00
Newall, J. W. Drawing, Sizing and Cutting Bevel-gears 8vo, i 50
Nicol, G. Ship Construction and Calculations 8vo, "4 50
Nipher, F. E. Theory of Magnetic Measurements i2mo, i oo>

Nisbet, H. Grammar of Textile Design 8vo, *3 00

Nolan, H. The Telescope. (Science Series No. 51.) i6mo, o 50
Noll, A. How to Wire Buildings i2mo, i s»
North, H. B. Laboratory Experiments in General Chemistry izmo, *i oo

Nugent, E. Treatise on Optics i2mo, i 5c»

O'Connor, H. The Gas Engineer's Pocketbook i2mo, leather, 3 501

Petrol Air Gas i2mo, *o 75
Ohm, G. S., and Lockwood, T. D. Galvanic Circuit. Translated by

William Francis. (Science Series No. 102.) i6mo, o 50
Olsen, J. C. Text-book of Quantitative Chemical Analysis 8vo, *4 oo
Olsson, A. Motor Control, in Turret Turning and Gun Elevating. (U. S.

Navy Electrical Series, No. i.) i2mo, paper, *o so>
Ormsby, M. T. M. Surveying i2mo, i 50

Oudin, M. A. Standard Polyphase Apparatus and Systems 8vo, *3 00
Owen, D. Recent Physical Research 8vo, *i 50

Pakes, W. C. C, and NanMvell, A. T. The Science of Hygiene . .Svo, 'i 7S
Palaz, A. Industrial Photometry. Trans, by G. W. Patterson, jr .. Svo, *4 00
Pamely, C. Colliery Manager's Handbook 8vo, '10 00
Parker, P. A. M. The Control of Water 8vo, *$ 00.

Parr, G. D. A. Electrical Engineering Measuring Instruments Svo, *3 50
Parry, E. J. Chemistry of Essential Oils and Artificial Perfumes. . . 8vo, *s oot

Foods and Drugs. Two Volumes Svo
Vol. I. Chemical and Microscopical Analysis of Foods and Drugs. *7 50
Vol. II. Sale of Food and Drugs Act *3 00
and Coste, J. H. Chemistry of Pigments 8vo, *4 5a

Parry, L. A. Risk and Dangers of Various Occupations gvo, *3 00
Parshall, H. F., and Hobart, H. M. Armature Windings 4to' *; 50

Electric Railway Engineering ^to] *j, o^
and Parry, E. Electrical Equipment of Tramways ..( /« Press.)
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Parsons, S. J. Malleable Cast Iron 8vo,

Partington, J. R. Higher Mathematics for Chemical Students. .i2mo,—— Textbook of Thermodynamics 8vo,

J>assmore, A. C. Technical Terms Used in Architecture 8vo,

Patchell, W. H. Electric Power in Mines 8vo,

Paterson, G. W. L. Wiring Calculations i2mo,
Patterson, D. The Color Printing of Carpet Yarns Svo,

Color Matching on Textiles Svo,

The Science of Color Mixing Svo,

Paulding, C. P. Condensation of Steam in Covered and Bare Pipes. .Svo,

Transmission of Heat through Cold-storage Insulation 12 mo,
Payne, D. W. Iron Founders' Handbook {In Press.)

.Peddle, R. A. Engineering and Metallurgical Books i2mo,
Peirce, B. System of Analytic Mechanics 4to,

Pendrei', V. The Railway Locomotive. (Westminster Series.) Svo,
Perkin, F. M. Practical Methods of Inorganic Chemistry i2mo,

Perrigo, O. E. Change Gear Devices Svo,

Perrine, F. A. C. Conductors for Electrical Distribution Svo,

Perry, J.' Applied Mechanics Svo,

Petit, G. White Lead and Zinc White Paints Svo,

Petit, R. How to Build an Aeroplane. Trans, by T. O'B. Hubbard, and

J. H. Ledeboer Svo,

Pettit, Lieut. J. S. Graphic Processes. (Science Series Wo. 76.) . . . i6mo,

Philbrick, P. H. Beams and Girders. (Science Series No. 88.). . .i6mo,

Phillips, J. Engineering Chemistry Svo,

Gold Assaying Svo,

Dangerous Goods Svo,

Phin, J. Seven Follies of Science i2mo,

Pickworth, C. N. The Indicator Handbook. Two Volumes . . i2mo, each,

Logarithms for Beginners i2mo. boards,

The Slide Rule i2mo,

Plattner's Manual of Blow-pipe Analysis. Eighth Edition, revised. Trans.

by H. B. Cornwall Svo,

Pl7mpton, G. W. The Aneroid Barometer. (Science Seriss No. 35.) i6mo,

How to become an Engineer^ (Science Series No. 100.) i6ino,

Van Nostrand's Table Book. (Science Series No. 104.) i6mo,

Pochet, M. L. Steam Injectors. Translated from the French. (Science

Series No. 29.) i6mo,

Pocket Logarithms to Four Places. (Science Series No. 65.) i6mo,

leather,

Polleyn, F. Dressings and Finishings for Textile Fabrics Svo,

Pope, F. G. Organic Chemistry i2mo,

Pope, P. L. Modern Practice of the Electric Telegraph Svo,

Popplewell, W. C. Elementary Treatise on Heat and Heat Engines , i2mo,

Prevention of Smoke Svo,

Strength of Materials Svo,

Porritt, B. D. The Chemistry of Rubber. (Chemical Monographs,

No. 3.) i2mo.

Porter, J. R. Helicopter Flying Machine i2mo,

Potter, T. Concre'.e Svo,

*2
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Potts, H. E. - Chemistry of the Rubber Industry. (Outlines of Indus-

trial Chemistry) 8vo,

Practical Compounding of Oils, Tallow and Grease 8vo,

Practical Iron Founding i2mo,

Pratt, K. Boiler Draught i2mo,

Fray, T., Jr. Twenty Years with the Indicator 8vo,

Steam Tables and Engine Constant 8vo,

Preece, W. H. Electric Lamps {In Press.)

Prelini, C. Earth and Rock Excavation 8vo,

Graphical Determination of Earth Slopes 8vo,

Tunneling. New Edition 8vo,

Dredging. A Practical Treatise 8vo,

Frescott, A. B. Organic Analysis 8vo,

Prescott, A. B., and Johnson, O. C. Qualitative Chemical Analysis. . . Svo,

Prescott, A. B., and Sullivan, E. C. First Book in Qualitative Chemistry.

i2mo,

Prideaux, E. B. R. Problems in Physical Chemistry Svo,

Pritchard, O, G. The Manufacture of Electric-light Carbons . . Svo, paper,

PuUen, W. W. F. Application of Graphic Methods to the Design of

Structures i2mo,

Injectors: Theory, Construction and Working i2mo,

Pulsifer, W. H. Notes for a History of Lead Svo,

Purchase, W. R. Masonry i2mo.
Putsch, A. Gas and Coal-dust Firing Svo,

Pynchon, T. R. Introduction to Chemical Physics Svo,

Rafter G. W. Mechanics of Ventilation. (Science Series No. 33.) . i6mo,
Potable Water. (Science Series No. 103.) i6mo,

Treatment of Septic Sewage. (Science Series No. 118.) . . .i6mo.

Rafter, G.W., and Baker, M. N. Sewage Disposal in the United States.

4to,

Raikes, H. P. Sewage Disposal Works Svo,

Randall, P. M. Quartz Operator's Handbook i2mo,

Randau, P. Enamels and Enamelling Svo,

Rankine, W. J. M. Applied Mechanics Svo,

Civil Engineering Svo,

Machinery and Millwork Svo,

The Steam-engine and Other Prime Movers Svo,

Useful Rules and Tables Svo,

llankine, W. J. M., and Bamber, E. F. A Mechanical Text-book. . . .Svo,

Raphael, F. C. Localization of Faults in Electric Light and Power Mains.

Svo,

Rasch, E. Electric Arc Phenomena. Trans, by K. Tornberg 8vo,

Rathbone, R. L. B. Simple Jewellery 8vo,

Rateau, A. Flow of Steam through Nozzles and Orifices. Trans, by H.
B. Brydon 8vo

Rausenberger, F. The Theory of the Recoil of Guns 8vo,

Rautenstrauch, W. Notes on the Elements of Machine Design. Svo, boards,

Rautenstrauch, W., and Williams, J. T. Machine Drafting and Empirical
Design.

'2
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Rogers, A. A Laboratory Guide of Industrial Chemistry i2mo,

Rogers, A., and Aubert, A. B. Industrial Chemistry 8vo,

Rogers, F. Magnetism of Iron Vessels. (Science Series No. 30.) . i6mo,

Rohland, P. Colloidal and Crystalloidal State of Matter. Trans, by

W. J. Britland and H. E. Potts i2mo,

Rollins, W. Notes on X-Light 8vo,

RoUinson, C. Alphabets Oblong, i2mo.

Rose, J. The Pattern-makers' Assistant 8vo,

—^ Key to Engines and Engine-running izmo.

Rose, T. K. The Precious Metals. (Westminster Series.) 8vo,

Rosenhain, W. Glass Manufacture. (Westminster Series.) 8vo,

Ross, W. A. Blowpipe in Chemistry and Metallurgy i2mo.

Roth. Physical Chemistry 8vo,

Rouillion, L. The Economics of Manual Training 8vo,

Sowan, F. J. Practical Physics of the Modern Steam-boiler 8vo,

and Idell, F. E. Boiler Incrustation and Corrosion. (Science

Series No. 27.) i6mo,

Roxburgh, W. General Foundry Practice 8vo,

Ruhmer, E. Wireless Telephony. Trans, by J. Erskine-Murray . . 8vo,

Russell, A. Theory of Electric Cables and Networks 8vo,

Sabine, R. History and Progress of the Electric Telegraph i2mo,

Saeltzer, A. Treatise on Acoustics izmo,

Sanford, P. G. Nitro-explosives 8vo,

Saunders, C. H. Handbook of Practical Mechanics i6mo,

leather,

Saunnier, C. Watchmaker's Handbook i2mo,

Sayers, H. M. Biakes for Tram Cars 8vo,

Scheele, C. W. Chemical Essays 8vo,

Scheithauer, W. Shale Oils and Tars 8vo,

Schellen, H. Magneto-electric and Dynamo-electric Machines .... 8vo,

Scherer, R. Casein. Trans, by C. Salter 8vc',

Echic'rowitz, P. Rubber, Its Production and Industrial Uses 8vo,

Schindler, K. Iron and Steel Construction Works i2mo,
Schmall, C. N. First Course in Analytic Geometry, Plane and Solid.

i2mo, half leather,

Cchmall, C. N., and Shack, S. M. Elements of Plane Geometry. . . i2mo,
Schmeer, L. Flow of Water 8vo,
Schumann, F. A Manual of Heating and Ventilation izmo, leather,

Schwarz, E. H. L. Causal Geology 8vo,

Schweizer, V. Distillation of Resins 8vo
Scott, W. W. Qualitative Analysis. A Laboratory Manual 8vo,

Scribner, J. M. Engineers' and Mechanics' Companion. .i6mo, leather,

Scudder, H.; Electrical Conductivity and Ionization Constants of

Organic Compounds 8vo,

Searle, A. B. Modern Brickraaking 8vo
Cement, Concrete and Bricks 8vo

Searle, G. M. "Sumners' Method." Condensed and Improved.
(Science Series No. 124.) i6mo

Seaton, A. E. Manual of Marine Engineering 8vo

*l
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Sealon, A. E., and Rounthwaite, H. M. Pocket-book of Marine Engi-
neering i6mo, leather, 3 oo

Seeligmann, T., Torrilhon, G. L., and Falconnet, H. India Rubber and
Gutta Percha. Trans, by J. G. Mcintosh 8vo,

Seidell, A. Solubilities of Inorganic and Organic Substances 8vo,

Sellew, W. H. Steel Rails 4to,

Senter, G. Outlines of Physical Chemistry i2mo,
Text-book of Inorganic Chemistry izmo,

Sever, G. F. Electric Engineering Experiments 8vo, boards,

Sever, G. F., and Townsend, F. Laboratory and Factory Tests in Elec-

trical Engineering 8vo,

Sewall, C. H. Wireless Telegraphy 8vo,

Lessons in Telegraphy i2mo,
Sewell, T. Elements of Electrical Engineering 8vo,

The Construction of Dynamos 8vo,

Sexton, A. H. Fuel and Refractory Material: i2mo,

Chemistry of the Materials of Engineering i2mo,

Alloys (Non-Ferrous) Svo,

The Metallurgy of Iron and Steel Svo,

Seymour, A. Practical Lithography Svo,

Modern Printing Inks Svo,

Shaw, Henry S. H. Mechanical Integrators. (Science Series No. 83.)

i6mo,

Shaw, S. History of the Staffordshire Potteries Svo,

Chemistry of Compounds Used in Porcelain Manufacture. .. .Svo,

Shaw, W. N. Forecasting Weather Svo,

Sheldon, S., and Hausmann, E. Direct Current Machines i2mo,

Alternating Current Machines r2mo,

Sheldon, S., and Haiismann, £. Electric Traction and Transmission

Engineering i2mo.

Sheriff, F. F. Oil Merchants' Manual i2mo.

Shields, J. E. Notes on Engineering Construction i2mo,

Shreve, S. H. Strength of Bridges and Roofs Svo,

Shunk, W. F. The Field Engineer i2mo, morocco,

Simmons, W. H., and Appleton, H. A. Handbook of Soap Manufacture,
Svo,

Simmons, W. H., and Mitchell, C. A. Edible Fats and Oils Svo,

Simms, F. W. The Principles and Practice of Levelling Svo,

Practical Tunneling Svo,

Simpson, G. The Naval Constructor i2mo, morocco,

Simpson, W. Foundations Svo. (In Press.)

Sinclair, A. Development of the Locomotive Engine. . .8vo, half leather,

Twentieth Century Locomotive Svo, half leather,

Sindall, R. W., and Bacon, W. N. The Testing of Wood Pulp Svo,

Sindall, R. W. Manufacture of Paper. (Westminster Series.) ... .8vo,

Sloane, T. O'C. Elementary Electrical Calculations i2mo,
Smallwood, J. C. Mechanical Laboratory Methods. .. .i2mo, leather.

Smith, C. A. M. Handbook of Testing, MATERIALS Svo,

Smith, C. A. M., and Warren, A. G. New Steam Tables Svo,

*5
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Smith, C. F. Practical Alternating Curr2nts and Testing 8vo, *2 50

Practical Testing of Dynamos and Motors 8vo, *2 00

Smith, F. E. Handbook of General Instruction for Mechanics . . . i2mo, i 50
Smith, H. G. Minerals and the Microscope

Smith, J. C. Manufacture of Paint 8vo, *3 or

Paint and Painting Defects

Smith, R. H. Principles of Machine Work lamo, *3 00

Elements of Machine Work i2mo, *2 00

Smith, W. Chemistry of Hat Manufacturing i2mo, *3 00

Snell, A. T. Electric Motive Power 8vo, *4 00

Snow, W. G. Pocketbook of Steam Heating and Ventilation. (In Press.)

Snow, W. G., and Nolan, T. Ventilation of Buildings. (Science Series

Wo. 5.) i6mo, o so
Soddy, F. Radioactivity 8vo, *3 00

Solomon, M. Electric Lamps. (Westminster Series.) 8vo, *2 00
Sothern, J. W. The Marine Steam Turbine 8vo, *5 00

Verbal Notes and Sketches for Marine Engineers Cvo, *5 00

Southcombe, J. E. Chemistry of the Oil Industries. (Outlines of In-

dustrial Chemistry.) 8vo, *3 00

Soxhlet, D. H. Dyeing and Staining Marble. Trans, by A. Morris and

H. Robson 8vo, "250
Spang, H. W. A Practical Treatise on Lightning Protection i2mo, i 00
Spangenburg, L. Fatigue of Metals. Translated by S. H. Shreve.

(Science Series No. 23.) i6mo, 50
: Specht, G. J., Hardy, A. S., McMaster, J. B., and Wallmg. Toposraphical

Surveying. (Science Series No. 72.) i6mo, o 50
Speyers, C. L. Text-book of Physical Chemistry. 870, "2 25
Sprague, E. H. Hydraulics i2mo, i 25

Stahl, A. W. Transmission of Power. (Science Series No. 2S.) .rSaio,

Stahl, A. W., and Woods, A. T. Elementary Mechanism i2!nD, '2 00
Staley, C, and Pierson, G. S. The Separate System of Ssw^rajs.. ,8to, *3 00
Standage, H. C. Leatherworkers' Manual 8vo, *3 50

Sealing Waxes, Wafers, and Other Adhesives 870, *2 00
Agglutinants of all Kinds for all Purposes i2mo, *3 50

Stanley, H. Practical Applied Physics (In Press.)

Stansbie, J. H. Iron and Steel. (Westminster Series.) 8vo, *2 03

Steadman, F. M. Unit Photography and Actinometry {In Press.)

Siecher, G. E. Cork. Its Origin and Industrial Uses i2mo, i oo

Steinman, D. B. Suspension Bridges and Cantilevers.' (Science Series

No. 127.) o 30
Stevens, H. P. Paper Mill Chemist i6mo, "2 50
Stevens, J. S. Precision of Measurements (/;; Press.)

Stevenson, J. L. Blast-Fumace Calculations i2mo, leather, *2 00
Stewart, A. Modern Polyphase Machinery i2mo, "2 00
Stewart, G. Modern Steam Traps i2mo, ''i 25
Stiles, A. Tables for Field Engineers i2mo, i 00
Stillman, P. Steam-engine Indicator i2mo, i 00
Stodola, A. Steam Turbines. Trans, by L. C. Loewenstein 8vo, =^5 00

Stone, H. The Timbers of Commerce 8vo, 3 50
Stone, Gen. R. New Roads and Road Laws ramo, t 00
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Stopes, M. Ancient Plants 8vo *2 00

•2 00• The Study of Plant Life 8vo,
Stumpf, Prof. Una-Flow of Steam Engine 4to, *3 50
Sudboroujh, J. J., and James, T. C. Practical Organic Chemistry. . i2mo, "2 00
Suffling, E. R. Treatise on the Art of Glass Painting 8vo, *3 50
Swan, K. Patents, Designs and Trade Marks. (Westminster Series.).

8vo, '2 00
Swinburne, J., Wordingham, C. H. , and Martin, T. C. Electric Currents.

(Science Series No. 109.) i6mo,
Swoope, C. W. Lessons in Practical Electricity lamo.

o 50
2 00

Tailfer, L. Bleaching Linen and Cotton Yam and Fabrics 8vo, *5 00
Tate, J. S. Surcharged and Different Forms of Retaining-walls. (Science

Series No. 7.) , i6mo, o 50
Taylor, E. N. Small Water Supplies i2mo, *2 00
Templeton, W. Practical Mechanic's Workshop Companion.

i2mo, morocco, 2 00
Terry, H. L. India Rubber and its Manufacture. (Westminster Series.)

8vo, *2 00
Thayer, H. R. Structural Design. 8vo.

Vol. I. Elements of Structural Design *2 00
Vol. II. Design of Simple Structures {In Preparalion.)

Vol. III. Design of Advanced Structures . {In Preparalion.)

Thiess, J. B., and Joy, G. A. Toll Telephone Practics 8vo,

Thorn, C, and Jones, W. H. Telegraphic Connections.. . .oblong, i2mo,
Thomas, C. W. Paper-makers' Handbook {In Press.)

Thompson, A. B. Oil Fields of Russia 4to,

Petroleum Mining and Oil Field Development 8vo,

Thompson, S. P. Dynamo Electric Machines. (Science Series No. 75.)

i6mo,
Thompson, W. P. Handbook of Patent Law of All Countries i6mo,
Thomson, G. S. Milk and Cream Testing i2mo,

Modern Sanitary Engineering, House Drainage, etc 8vo,

Thomley, T. Cotton Combing Machines 8vo,

Cotton Waste 8vo,

Cotton Spinning. 8vo.

First Year "i

Second Year

Third Year , *2

Thurso, J. W. Modem Turbine Practice 8vo,

Tidy, C. Meymott. Treatment of Sewage. (Science Series No. 94.)i6mo,

Tillmans, J. Water Purification and Sewage Disposal. Trans, by
Hugh S. Taylor 8vo, *2 00

Tenney, E. H. Test Methods for Steam Power Plants (/;; Press.)

Tinney, W. H. Gold-mining Machinery 8vo, *3 00

Titherley, A. W. Laboratory Course of Organic Chemistry 8vo, *2 00

Toch, M. Chemistry and Technology of Mixed Paints 8vo, "3 00

Materials for Permanent Painting i2mo, *2 00

Chemistry and Technology of Mixed Paints. (In two volumes.)

(In Press.)

^3
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Todd, J., and Whall, W. B. Practical Seamanship 8vo, *7 So
Tonge, J. Coal. (Westminster Series.) 8vo, *2 oo

Townsend, F. Alternating Current Engineering 8vo, boards, *o 7S

Townsend, J. Ionization of Gases by Collision 8vo, *i 23

Transactions of the American Institute of Chemical Engin33rs, 8to.

Vol. I. 1908 *6 00

Vol. II. 1909 ,
*6 00

Vol. ni. 1910 *6 00

Vol. IV. 1911 *6 00

Vol. V. 1912 *6 00

Traverse Tables. (Science Series No. 115.) i6ma, o 50
morocco, i 00

Treiber, E. Foundry Machinery. Trans, by C. Salter i2mo, i 25.

Trinks, W.,andHousum, C. Shaft Governors. (Science Series No. 122.)

i6mo, o 50
Trowbridge, W. P. Turbine Wheels. (Science Series No. 44.) . . i6mo, o 50
Tucker, J. H. A Manual of Sugar Analysis 870, 3 So-

Tunner, P. A. Treatise on Roll-turning. Trans, by J. B. Pearse.

8vo, text and folio atlas, 10 00

TumbuU, Jr., J., and Robinson, S. W. A Treatise on the Compound
Steam-engine. (Science Series No. 8.) i6mo,

Turrill, S. M. Elementary Course in Perspective i2mo, *i 25

Underhill, C. R. Solenoids, Electromagnets and Electromagnetic Wind-
ings i2mo, *2 00

Underwood, N., and Sullivan, T. V. Chemistry and Technology of

Printing Inks (In Press.)

Urquhart, J. W. Electric Light Fitting i2mo, 2 oo-

Electro-plating i2mo, 2 00

Electrotyping i2mo, 2 00

Electric Ship Lighting i2mo, 3 00

Usbome, P. O. G. Design of Simple Steel Bridges 8vo, *4 oo-

Vacher, F. Food Inspector's Handbook

Van Nostrand's Chemical Annual. Third issue 1913. .. .leather, i2mo, *2 50

Year Book of Mechanical Engineering Data (/n Press.)

Van Wagenen, T. F. Manual of Hydraulic Mining i6mo, i 00

Vega, Baron Von. Logarithmic Tables 8vo, cloth, 2 00

half morroco, 2 50
Vincent, C. Ammonia and its Compounds. Trans, by M.J. Salter. 8vo, *2 00

Volk, C. Haulage and Winding Appliances 8vo, *4 00

Von Georgievics, G. Chemical Technology of Textile Fibres. Trans.

by C. Salter 8vo, *4 So

Chemistry of Dyestuffs. Trans, by C. Salter 8vo, *4 50

Vose, G. L. Graphic Method for Solving Certain Questions in Arithmetic

and Algebra (Science Series No. 16.) i6mo, o So
Vosmaer, A. Ozone (In Press.)

Wabner, R. Ventilation in Mines. Trans, by C. Salter 8vo, "4 50
Wade, E. J. Secondary Batteries 8vo, *4 00



D. VAN NOSTRAND CO.'S SHORT TITLE CATALOG 29

Wadmore, T. M. Elementary Chemical Theory i2mo, *i So

Wadsworth, C. Primary Battery Ignition i2mo, "o 50

Wagner, E. Preserving Fruits, Vegetables, and Meat .

'. i2mo, *2 5"

Waldram, P. J. Principles of Structural Mechanics i2mo, *3 00

Walker, F. Aerial Navigation 8vo, 200
Dynamo Building. (Science Series No. 98.) i6mo, o so

Walker, F. Electric Lighting for Marine Engineers 8vo, 2 00

Walker, J. Organic Chemistry for Students of Medicine 8vo, *2 50

Walker, S. F. Steam Boilers, Engines and Turbines 8vo, 3 00

Refrigeration, Heating and Ventilation on Shipboard i2mo, *2 00

Electricity in Mining 8vo, *3 50

Wallis-Tayler, A. J. Bearings and Lubrication 8vo, *i 50

Aerial or Wire Ropeways 8vo, *3 00

Motor Cars 8vo, 1 80

Motor Vehicles for Business Purposes 8vo, 3 50

Wallis-Tayler, A.J. Pocket Book of Refrigeration and Ice Making. i2mo, i 50

Refrigeration, Cold Storage and Ice-Making 8vo, *4 50

Sugar Machinery i2mo, *2 00

Wanklyn, J. A. Water Analysis i2mo, 2 00

Wansbrough, W. D. The A B C of the Differential Calculus i2mo, ''i 50

Slide Valves i2mo, *2 00

Waring, Jr., G. E. Sanitary Conditions. (Science Series No. 31.) .i6mo, 050
Sewerage and Land Drainage *6 00

Waring, Jr., G. E. Modem Methods of Sewage Disposal i2mo, 2 00

How to Drain a House i2mo, 125

Wames, A. R. Coal Tar Distillation 8vo, "2 50

Warren, F. D. Handbook on Reinforced Concrete i2mo, *2 50

Watkins, A. Photography. (Westminster Series.) 8vo, "200

Watson, E. P. Small Engines and Boilers i2mo, i 25

Watt, A. Electro-plating and Electro-refining of Metals 8vo, "4 50

Electro-metallurgy i2mo, i 00

The Art of Soap Making 8vo, 3 00

Leather Manufacture 8vo, *4 00

Paper-Making 8vo, 300

Weale, J. Dictionary of Terms Used in Architecture i2mo, 2 50

Weale's Scientific and Technical Series. (Complete list sent on appli-

cation.)

Weather and Weather Instruments i2mo, i 00

paper, o 50

Webb, H. L. Guide to the Testing of Insulated Wires and Cables. i2mo, i 00

Webber, W. H. Y. Town Gas. (Westminster Series.) 8vo, *2 00

Weisbach, J*. A Manual of Theoretical Mechanics 8vo, *6 00

sheep, *7 50

Weisbach, J., and Herrmann, G. Mechanics of Air Machinery 8vo, =^3 75

Welch, W. Correct Lettering (In Press.)

Weston, E. B. Loss of Head Due to Friction of Water in Pipes. .i2mo, *i 50

Weymouth, F. M. Drum Armatures and Commutators 8vo, *3 00

Wheatley, 0. Ornamental Cement Work (In Press.)

Wheeler, J. B. Art of War i2mo, t 7s

Field Fortifications i^mo. i 75
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