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PREFACE TO THE FIRST EDITION

THE study of metallic alloys by physical and microscopical
methods has reached so great a development in recent years
as to form a distinct branch of physical chemistry. In the
following pages I have sought to present an account of the
methods employed in this branch of study, and of the con-
clusions which have been reached, and also to indicate the
directions in which further research is needed. The attempt
has been made to discriminate, in the literature of the subject,
between investigations performed with the requisite care and
thoroughness, and those which, from the use of impure
materials in preparing the alloys, the examination of in-
sufficiently large quantities, or other causes, fail to reach the
standard of accuracy required in physico-chemical work.

The abbreviations employed in the footnotes are, in most
cases, those adopted by the Chemical Society, and the re-
mainder will, it is hoped, be self-explanatory. References to
Russian periodicals are only given if the investigation has not
been published in full in another language.

The whole of the photo-micrographs have been prepared in
the Metallurgical Laboratories of the Universities of Glasgow
and Sheffield.

I take this opportunity of expressing my thanks to
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Messrs. R. and J. Beck, Messrs. W. Watson & Sons, and
Messrs. Carl Zeiss, London, for the use of blocks illustrating
apparatus.

Lastly, I wish to acknowledge the constant assistance of
my wife, both in the experimental work and in the preparation
of the text.

CAERD.

THE UNIVERSITY,
GLASGOW,

NOTE TO THE THIRD EDITION

WHiLsT the general plan and arrangement of the first edition
of this work are unchanged, the text has been revised
throughout, for the purpose of removing errors, of incor-
porating the most important results of recent investigations,
and of completing the references to publications. The most
important changes have been made in the chapters dealing
with the physical properties of alloys (Chap. XII.), with
corrosion (Chap. XIIIL.), and with the metallography of iron
and steel (Chap. XVII.). The appendix has been completely
revised, and incorporates publications received down to the
time of going to press.

CIH: D!
SHEFFIELD,
Jan., 1922,
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METALLOGRAPHY

CHAPTER 1
INTRODUCTION

METALLOGRAPHY may be defined as the study of the internal
structure of metals and alloys, and of its relation to their com-
position, and to their physical and mechanical properties. It
is a branch of physical chemistry, since the internal structure
depends on the physical and chemical conditions under which
the solid metal or alloy is formed, and the study of structure
presents itself as a department of the study of equilibrium in
heterogeneous systems. Whilst, however, physical chemistry
concerns itself in general only with the nature and relative
quantity of the phases in a system, and with the transformations
of energy which accompany chemical changes, metallography
takes into account a further variable, namely, the mechanical
arrangement of the component particles, It is thus intimately
connected with crystallography.

The consideration of metals and alloys as a class apart from
other mixtures and solutions which obey the same physico-
chemical laws is partly an historical accident, and arises partly
from the great importance of the metals in technical practice,
The needs of practical metallurgy, especially in the iron and
steel industries, have been the motive of the earliest, and of
many of the most important metallographic investigations. The
study of structure has proved itself an indispensable auxiliary
to chemical analysis in the scientific control of the metallurgical
industries, an auxiliary of which the applications become more
extensive and more important every year. But from the
‘standpoint of pure science, the identity of the relations in
metallic and non-metallic systems must not be overlooked.
Geologists and mineralogists are now making use of the
methods and results of metallography to study the formation
and metamorphosis of igneous rocks, whilst light is being

T.P.Cy 3 8 B
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thrown frorn the same source into the hitherto obscure region
of the cem(‘mts. and. slags, and the science is capable of still
further extension.

The word “ metallography ” was formerly used?! to signify
the description of metals and their properties. In this sense it
is obsolete, although an isolated example of its use is found as
late as 1871.2 Its reintroduction to designate the microscopic
structure of metals and alloys dates only from 1892,® since
when it has been generally accepted, gradually receiving an
extension of meaning to include investigations by other than
microscopical means,

The examination of metals by means of the microscope, so
recent as a method of systematic research, was nevertheless
practised by several of the older investigators. As far back as
1665, Robert Hooke, in his AMicrographia, described the appear-
ance of lead crystallizing from its alloy with silver, and further
described and drew the magnified surface of a polished steel
blade, adding some thoughtful remarks on the nature of
polish.4

Réaumur, in 1722,° employed the microscope to examine
the fractured surfaces of steel and of white and grey cast-iron,
founding on the results which he obtained a method of dis-
tinguishing between irons subjected to different thermal treat-
ments. An extract will show the nature of his observations :—

P. 392: “Si on examine les unes et les autres fontes au
microscope, les fontes bien blanches y parditront toujours d’'une
tissure compacte, on y pourra observer quelques lames plattes
parsemées, mais beaucoup plus petites que celles de l'acier, la
méme loupe qui fait apercevoir celles dont sont composés les

! The earliest instance of its use given in the New English Dictionary,
‘Oxford, is dated 1721.

* T. A. Blyth, Metallography as a Separate Science, London, 1871,

3 F. Osmond, Rapport présenté d la commission des méthodes d'essais des
matériaux, February, 1892.

4 Robert Hooke, Micrographia ; or, Some Physiological Descriptions of
Minute Bodies made with Magnifying Glasses, with Observations and
Enquiries thereon, London, 1665.

* R. A, F. de Réaumur, L’Art de convertir le for forgé en acier, et lart
@adoucir le fer fondu, Paris, 1722,
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grains d’un acier trempé peu chaud, ne feroit pas appercevoir
celles-cy. Les fontes grises paroissent au microscope d’un tissu
tellement spongieux, que tout semble un amas d’especes de
crystalisations, ou si I'on veut de brossailles, des especes de
vegetations chimiques, faites d'une infinité de branchages entre-
lassés, mais composés chacun de petites lames agencées les
unes sur les autres.”

Réaumur suggests in the same work, one of the most im-
portant in the early history of iron, a polyhedral arrangement
of the crystals, and puts forward a theory to explain the harden-
ing effect of quenching steel. The very numerous drawings
testify to the careful character of his observations.

The microscopical examination of fractured surfaces is of
very limited application, and is unsuitable for systematic study.
The way towards 4 better method was opened by the discovery
of Widmanstitten, in 1808, that certain meteorites when cut
and polished develop a distinct and characteristic structure on
being etched with acids, or oxidized by heating in air, Wid-
manstitten’s figures being visible without magnification, the
process was not extended to metals having a more minute
structure, and metallography made no further progress for
many years. Paul Annosow examined etched surfaces of
Oriental damascened steel blades by means of the microscope
in 1841.2 In 1864, H. C. Sorby, of Shefficld, who may also
be regarded as the founder of the modern science of micro-
scopical petrography, was led from the study of rocks and
meteorites to that of iron and steel. His early publications
on the subject were confined to brief notes® although his
specimens and photographs, exhibiting the constituents of iron
and steel, were shown in Sheffield and at the Bath meeting of
the British Association, Sorby was successful in devising a
suitable technique for the preparation and examination of

' A. J. F. X, von Widmanstitten did not publish any account of these
experiments, which are described by Schreibers, Meteorische Stein-u. Metall-
massen, i. 20 (Vienna, 1820).

2 N. Belaiew, ‘‘Sur les précurseurs de la Métallographie,” Rev. de
Métallurgie, 1912, 9.

3 Proc. Sheffield Lit. Phil. Soc,, 1864, Feb. ; Brit. Assoc, Rep., 1864,
ii. 189,
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microscopic sections, and his later publications?® contain photo-
micrographs which have hardly been surpassed in excellence
by later workers. Sorby is certainly entitled to the credit of
being the founder of metallography, although his early obser-
vations remained almost unnoticed for twenty years, by which
time similar results had been attained by workers in other
countries.

Attempts had been made? to examine metals by cutting
thin sections similar to those used in the study of rocks. Itis
not possible to examine such sections by transmitted light,
however thin the sections may be cut, and the plan was there-
fore adopted of subjecting the sections to the attack of reagents,
so as to dissolve out certain constituents, leaving the residue
in the form of a spongy network. This method is not very
valuable, and beyond demonstrating the fact that iron or steel
containing carbon has a cellular structure, little information
was obtained by its means.

In 18738, the first communications from the Charlottenburg
Testing Laboratory appeared® The work of Martens is in-
dependent of that of Sorby, and has contributed very materi-
ally to the progress of the science. He was followed by
Wedding,* Stein,” and Osmond.> All these investigators, con-
fining themselves at first to iron and steel, aimed at the
discovery of a means of controlling the quality and composi-
tion of manufactured products. The work of Osmond and
Werth was of special value in showing the ways in which
carbon, phosphorus, and other elements are distributed through
the metal, means being found, for the first time, of distinguish-
ing between intercellular and intracellular constituents. The

\ Engineer, 1882, 54, 308; 2. Iron Stee! Inst., 1886, i. 130; 1887,
i. 255.

2 F, Osmond and J. Werth, Compt. rend., 1835, 100, 450; Ann.
Mines, 1885, [viii.] 8, 1.

3 A. Martens, Zeitsch. Ver. deut. Ing., 1878, 22, 11, 206, 430; 1880,
24, 308 ; Glaser's Annalen, 1880, 1, 476 ; Stakl u. Eisen, 1882, 2, 423 ;
Verk. Ver. Bef. Gewerbefl, 1882, 233.

4 1. Wedding, 3. Zron Steel Inst., 1885, i. 187 ; Stakl . Eisen, 1836,
6, 633.

8 S, Stein, Stakl y. Fisen, 1888, 8, 595.
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arrangement of ivon and steel crystals in ingots had been
determined macroscopically as early as 1868, and the extension
of this knowledge-to the microscopic structure was followed
by very numerous investigations in this direction.

THE STUDY OF ALLOYS

The further progress of metallography is intimately con-
nected with the study of the nature of metallic alloys. The
word alloy, or its equivalent form a//ay, was originally used to
signify an intimate association of two or more metals aud is
so employed by Chaucer. Its special and restricted use to
denote the base metal added to gold or silver for the purpose
of working or coining, is of later origin, and is etymologically
incorrect. The present use of the word is in accordance with
its original signification. »

It was long a matter of controversy whether alloys were to
be regarded as chemical compounds or as mechanical mixtures.,
Perhaps the earliest researches directed towards the immediate
solution of the problem are those of Levol,?> who by the syste-
matic examination of series of alloys of progressively changing
composition, was able to show that only a few alloys remain
homogeneous throughout the process of crystallization, all
others being capable of separation into more fusible and less
fusible parts. A few alloys proved to be exceptions to this
rule, having a constant melting-point, and retaining the same
composition throughout the processes of freezing and melting.
In the alloys of silver and copper, a mixture in the proportions
represented by the formula Ag;Cu, was found to have this
property, and was considered by Levol to be a definite com-
pound. We now know that this is incorrect, and that Levol’s
alloy is the eutectic mixture of the two metals, which do not
form an inter-metallic compound. Nevertheless, the research
marks a distinct advance in the knowledge of alloys.

The view that alloys are to be regarded as solidified

Y D. Tschernoff, Mén. Soc. techn. Russ., April, 1868.

* A. Levol, 3. Pharm. Chim., 1850, [iii.] 17, 111 ; Ann. Chim. Phys.,
1852, [iii.] 36, 193 ; 1853, [iii.] 39, 163.
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solutions, which may or may not contain compounds accord-
ing to circumstances, is due to Matthiessen,' The method
of investigation which he adopted was the study of physical
properties, such as density, electrical conductivity, and thermo-
electric power, comparing together alloys containing varying
quantities of the same component metals, and seeking for any
discontinuous changes of properties which might mark the
presence of compounds. The work of Matthiessen was the
starting-point of the application of physical chemistry to the
study of alloys. It was followed by many similar determina-
tions of conductivity, etc.?

After the discovery of Raoult’s law of the depression of
freezing-point of solutions, the study of alloys from this point
of view was suggested by the fact that alloys very frequently
melt at a lower temperature than their components. In the
same year, the depression of the vapour-pressure of mercury
produced by the addition of other metals was studied by
Ramsay,® and the depression of the freezing-point by Tam-
mann,* and by Heycock and Neville.® Complete curves,
showing the change of freezing-point on passing from one end
to the other of a series of binary alloys, were published for
a number of pairs of metals by Kapp®and Heycock and
Neville.” )

The application of the theory of phases of Gibbs® to alloys
was suggested by Jiptner® and by Le Chatelier.”® Its first

! A. Matthiessen, Brit. Assoc. Rep., 1863, 373 Trans. Chem. Soc.,
1867, 20, 201. Later references are given in Chapter XII.

? G. Kamensky, Proc. Phys. Soc., 1883, 6, 53 ; Phil. Mag., 1884, [v.]
17, 270 ; V. Strouhal and C. Barus, 44, &. bokm. Ges. Wiss., 1884, [vi.]
12, No. 14; C. Barus, Amer. ¥ Sci., 1888, [iii.] 86, 427. See
Chapter XII.

® W. Ramsay, 77ans. Ckem. Soc., 1889, 55, 521I.

* G, Tammann, Zeitsch, physikal. Ckem., 1889, 3, 441.

5 C. T. Heycock and F. H. Neville, Zrans. Chem. Soc., 1889,
55, 666.

¢ A. Kapp, Ann. Physik., 1901, [iv.] 6, 754.

! Phil. Trans., 1897, 1894, 25.

8 See The Phase Rule, by Dr. A. Findlay, in this series.

* . von Jiiptner von Jonstorff, Stakl u. Eisen, 1899, 19, 23.

1 H. Le Chatelier, Compt. rend., 1900, 130, 85.
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important application was made by Roozeboom!® in a famous
paper, in which the results obtained in the thermal examination
of iron and steel by Roberts-Austen ? were utilized in the con-
struction of a complete diagram of the thermal equilibrium of
iron and carbon. This diagram has formed the basis of all the
subsequent discussions of the iron-carbon system, and although
it has been found necessary to modify it in a number of par-
ticulars, its general outline has been preserved in all the
schemes proposed by later workers. Roozeboom adopted the
hypothesis of the existence of three allotropic modifications of
iron, stable within different ranges of temperature, originally
propounded by Osmond,® and this hypothesis has been
generally accepted as the best expression of the known facts,
although an important school of metallurgists attributes the
phenomena usually considered as being due to allotropy solely
to the influence of the dissolved carbon.*

The possible types of solid solutions or mixed crystals in
binary systems had been reviewed from the theoretical stand-
point of the phase rule by Roozeboom in 1899.° The first
important application of his teaching to alloys other than those
of iron was made by Heycock and Neville in their study of the
copper-tin alloys, in which the method of quenching from deter-
mined temperatures was introduced as a method of research.®
The same paper also contains photo-micrographs which repre-
sent the highest degree of accuracy and technical perfection then
attained. The application of microscopical methods to alloys
otherthan those of iron wasat firstconfined toa few alloys, such as

! H. Bakhuis Roozeboom, Zeatsck. physikal, Chkem., 1900, 3%, 437;
. Iron Steel Inst., 1900, ii. 3I1.

2 W. C. Roberts-Austen, 5th Rep. to Alloys Research Committee,
Proc, Inst. Meck. Eng., 1899, 35.

3 F. Osmond, Mém. Artill. Marine, 1887, 15, 5§73 ; F. Lron Steel Inst.
1890, i. 38 ; Compt. rend., 1890, 110, 242, 346.

+ J. O. Amold, ¥. Jron Steel Inst., 1894, i. 107; R. A, Hadﬁeld,
ibid., 156, and later papers by these writers.

5 Zeitsch. physikal. Chem., 1899, 30, 385, 413.

$ Phil. Trans., 1902, 202A, 1. This method had been employed in
the study of steels by H. M. Howe in 1893, Z7ans. Amer, Inst. Min,
Eng., 23, 466,
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the brasses and the alloys of gold,! but its subsequent develop-
ment has been very rapid. In 19or a number of memoirs
dealing with the structure and constitution of alloys, most of
which had previously appeared in the Bulletin de la Socitté
& Encouragement, were collected in a volume which has had a
great influence in extending the knowledge of metallographic
methods and results.? In this country, the Alloys Research
Committee, under the guidance of Roberts-Austen, conducted
experiments the results of which were embodied in an impor-
tant series of reports commencing in 1891.> The work of the
committee was transferred to the National Physical Laboratory
in 1904, and is still continued.* The school of metallographists
founded in Paris by Osmond and Le Chatelier has also con-
tributed very largely to the advancement of the study.

In the year 1903 a memoir by Tammann appeared® in
which the investigation of the thermal behaviour of alloys was
shown to be capable of yielding very full information as to the
nature of the equilibrium of the components. Since that date
a large number of memoirs have been issued from the Gottin-
gen laboratory, and the number of binary systems investigated
has been multiplied several times in the last few years. A few
ternary systems have also been examined. Unfortunately, the
small quantities of material used, and the insensitiveness of the
experiniental method adopted, have given rise to objections,
and it is only possible to regard some of the diagrams obtaired

1 G. Guillemin, Compt. rend., 1892, 115, 232 ; G. Charpy, ébid., 1893,
116, 1131 ; 1895, 121, 494; 1896, 122, 670; F. Osmond and W. C.
Roberts-Austen, Phil. Trans., 1896, 187a, 417; J. O. Arnold and ]J.
Jefferson, Engincering, 1896, 61, 176 ; T. Andrews, ibid., 1898, 68, 411,
541, 733 ; 1899, 67, 873 H. Le Chatelier, Bull. Soc. @ Fncourag., 1896,
[v.]1, 559; J. E. Stead, $. Soc. Chem. Ind., 1897, 16, 200, 506 ; 1898,
17, 1111 ; H. Behrens, Das mikroskopische Gefiige der Metalle u. Legierungen,
Leipzig, 1894.

2 Contribution & I Etude des Alliages, Paris, 1901.

3 Proc. Inst. Meckh. Eng., 1891, 543; 1893, 102; 1895, 238 ; 1897,
31; 1899, 35; 1901, 1211 (W. Campbell) ; 1904, 7 (W. Gowland).

* See H. C. H. Carpenter, R. A, Hadfield, and P. Longmuir, Proc.
Inst. Meck. Eng., 1905, 857 ; H. C. H. Carpenter and C. A. Edwards,
ibid., 1907, 57 3 W. Rosenhain and F. C. H, Lantsberry, #4/., 1910,
119; W. Rosenhain and S. L. Archbutt, #id., 1912, 319.

8 Zeitsch. anorg. Chem., 1903, 87, 303.
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as first approximations. The same method has been applied,
but with increased experimental precautions, by Friedrich,!
Kurnakoff,? and also by American and Italian workers.?

The further progress of metallography will be dealt with in
greater detail in the chapters allotted to its respective depart-
ments. Its growth has been so rapid as to require special
organs to serve for the collection and comparison of the results
obtained by workers in different countries. The Metallogra-
plist, established in America as an international medium in
1898, continued to serve this purpose until 1903, when it
became merged in a publication devoted to the iron and steel
industries. In the year 19o4 two new periodicals appeared
simultaneously in France and Germany, namely, Lo Revue de
Métallurgie (monthly) and Metallurgie (fortnightly), the former
chiefly representing the school of Le Chatelier, and the latter
those of Wiist and Friedrich, both also providing a #ésumé of
metallographic work published elsewhere. In 1912 the German
periodical was divided into two sections, Ferrum and Metall
und Erz. The work of the Gottingen school, and much of
that conducted by the Russian investigators, appears in the
Zeitschrift fiir anorganische Chemie, and that of Bancroft,
Shepherd, and others in the Jowrnal of Physical Chemistry,
whilst the Iron and Steel Institute (founded 1869), the Faraday
Society (founded 1903), and the Institute of Metals (founded
1908) also embrace metallography in their scope. The litera-
ture of the science is, however, dispersed through a large
number of publications dealing with chemistry, metallurgy, and
engineering.  Since February, 1911, a central organ, the
Internationale Zeitschrift fiir Melallographie, has appeared.

The fact that metallographic researches have resulted as
yet in comparatively few far-reaching generalizations is to a
large extent due to the wide range of the-systems to be

! K. Friedrich, Metallurgie, 1905, 2, No. 22, and later papers.

* N. S. Kurnakoff, Zeitsch. anorg. Chem., 1900, 23, 439. The first
publication of this and subsequent memoirs is in the ¥. Russ. Phys. Chem.
Sove. (in Russian).

* W. D. Bancroft, #. Pkysical Ckem., 1899, 8, 217 ; E. S. Shepherd,

bid., 1902, 6, 519, etc., G. Bruni, G. Sandonnini and E. Quercigh,
Zeitsch. anorg. Chem., 1910, 63, 73, etc.
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investigated. The number of metals, excluding those which
are only obtainable in the laboratory with difficulty, cannot be
put at less than 30, and increases with each advance in the
knowledge of the rarer elements. The number of binary
systems which can be formed from these 3o metals is 435,
and when we consider that many of the systems are of a high
degree of complexity, owing to the presence of inter-metallic
compounds, solid solutions and allotropic modifications, it is
evident that the field is one which has hitherto been very
incompletely surveyed. The possible ternary systems com-
posed of the same metals number 4060, of which only a
few have been examined, whilst the innumerable equilibria
of a higher order remain almost untouched. It is not
essential that all of these possible systems should be investi-
gated, but the types of equilibrium which present themselves
are so numerous that it is unsafe to generalize as to the
behaviour of alloys except as the result of examining a very
large mass of experimental material. The requirements of
technical practice justify a very minute investigation of the
more important systems under diverse physical and mechanical
conditions. Fortunately for the science, the steels, bronzes,
brasses, and other alloys of technical importance are also
among the most interesting from a physico-chemical point of
view, and the mutual reaction of science and industry has in
this respect had the most beneficial results.

Two methods of investigation, the thermal and the
microscopical, are of primary importance in the study of
metallography. When - suitably applied and combined, they
are capable of revealing the principal facts concerning the
equilibrium of the components. All other methods, although
valuable in themselves, and sometimes indispensable, must be
regarded as subsidiary to these two in the range of their
applicability. ‘The thermal and microscopical methods will
therefore be discussed in detail, a shorter account being given
of the investigations dealing with the physical properties, such
as density, electrical conductivity, and electrolytic potential,
and with the chemical action of reagents on alloys. It will
then be shown how the experimental results are combined in
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the construction of an equilibrium diagram, and how they may
be made to furnish information as to the molecular condition
of the component metals. The behaviour of alloys under
mechanical stress producing deformation is another important
department of metallography, with a history of its own.
Lastly, short accounts of the metallography of the most
important technical alloys will be given as concrete illustrations
of the methods described. An appendix contains a list, with
references to the literature and brief indications of the
character of the system, of all those binary and ternary systems
of which published descriptions have been found.!

! Critical desciiptions of the systems investigated, with the equilibrium
diagrams, are provided by W. Guertler, Metallographie, Berlin, 1909, and
K. Bornemann, Die bindren Metallegierungen, Halle, 1909, both in course
of publication.



CHAPTER II
THE DIAGRAM OF THERMAL EQUILIBRIUM

Or the methods of metallographic investigation enumerated in
Chapter 1., that which is known as thermal analysis must be
regarded as the foundation of all the others. It is rarely
possible to interpret correctly the results of miscroscopical or
other investigations without some knowledge of the diagram of
thermal equilibrium, which shows what phases may be expected
to be present in an alloy of given composition under given con-
ditions of cooling. In the great majority of cases, however, it
requires to be supplemented by microscopical examination,
whilst the magnetic, electrical, and other methods of study to
be described later all find application in special cases, and
indeed are sometimes indispensable. But the fundamental
importance of the thermal method demands for it the first
place in a work on metallography.

The basis of the diagram of thermal equilibrium is the
freezing-point curve, the co-ordinates of a point on which are
the composition of the alloy and the temperature at which
crystallization begins when the fused alloy is cooled. In the
older metallographic investigations, this was the only curve
determined.! But the work of Roozeboom? has shown that
the complete thermal diagram comprises not only the freezing-
point curve, or “liquidus,” but also curves representing the

1 See, for example, H. Gautier, Bull. Soc. & Encouragement, 1896, [v.]
1, 1293 ; C. T. Heycock and F. H. Neville, 7%/, Trans., 1897, 1834, 25;
Trans. Chem. Soc., 1897, 71, 383.
2 Zettsch. physikal, Chem., 1899, 30, 385, 412,
12
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composition of the solid separating from the fused alloy, and
the transformations, if any, undergone by the constituents
after solidification. It isin fact a graphical representation of
the dependence of the number and nature of the phases
possible to the system when in equilibrium on the composition
and temperature,

When a body, such as a crucible containing an alloy, is
cooling by radiation without undergoing any change of state,
the curve connecting its temperature with the time has a
regular form, being logarithmic when the surroundings are at a
constant temperature, and rectilinear when the temperature of
the environment is progressively and regularly lowered.! But
this regularity disappears when the cooling involves a change
of state, as in the freezing of a liquid. The continuous passage
from the liquid to the glassy or amorphous state, which
characterizes many silicates and also such substances as
sealing-wax, is not met with in alloys, which invariably exhibit
a discontinuity of properties at a definite temperature, the
freezing-point. In all cases hitherto observed, the passage
from the liquid to the solid state is accompanied by the
development of heat, although the existence of a negative heat
of fusion is sometimes held?® to be theoretically possible.
The first particles of solid which separate from the solution
therefore liberate a certain quantity of heat. Any further loss
of heat by radiation, instead of reducing the temperature of
the mass, causes a further separation of solid, and this process
continues, the temperature remaining constant, until the whole
of the substance has passed from the liquid to the solid state,
after which the temperature again falls in a regular manner.
If we represent the fall in temperature of a substance cooling
without change of state by the curve A in Fig. 1, the curve of
a pure substance, freezing at constant temperature, will have
the form shown at B (Fig. 2). This is an ideal curve, and
owing to undercooling, to the inequality of temperature
throughout the mass, and to other causes, the observed curves

1 'W. Plato, Zeitsch. physikal. Chem., 1906, 55, 721. See Chapter VI,

* G, Tammann, Krystallisieren und Schmelzen (Leipzig, 1903), 35.
The possibility is, however, disputed by Roozeboom.
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deviate more or less from the form represented. The nature
of these deviations, and the means of deriving the ideal curve
from the observations, will be discussed in Chapter VI.
Neglecting these, and assuming ideal conditions, we have a
discontinuous curve, the part @b representing the cooling of
the fluid metal, the horizontal part &¢ the process of solidifi-
cation, and the curve ¢Z the cooling of the solid metal. The
portion 2 has a steeper slope than ab, as the specific heat is
greater in the liquid than in the solid state.

f "

Axis of temperature

A
Axis of time Axis of tme
F16. 1.—Cooling curve with- Fi1c. 2,—Cooling curves with change
out change of state. of state.

But if, instead of a pure metal, the crucible contains an
alloy of two metals, the process of solidification follows a
different course. We will assume, as the simplest case, that
the two metals are perfectly miscible in the molten state, form-
ing a homogeneous solution, and that each of them crystallizes
in a pure state, uncontaminated by the other, and we will
assume further that the quantity of the second metal, N, is.
small compared with that of the first, M. On cooling to a
certain temperature, crystals of M separate from the solution,
This temperature is not the freezing-point of the pure metal
M, but a somewhat lower one, as the freezing-point of a
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substance under the conditions we have assumed is lowered
by the addition of a second substance. We have now to see
in what way this lowering proceeds, as the quantity of the
second substance is progressively increased. In Fig. 3, the
vertical axis is that of temperature, the horizontal axis repre-
sents the composition of successive mixtures. It is usual to
express this composition as a percentage. We then represent
the proportion of the second metal present by figures from o
to r0o. At the origin of the axes we have the pure metal M ;
we therefore say that the concentration of the metal N at that
point is zero. At the right-hand limit of the diagram we have
the pure metal N, the concentration of which is then 100 per
cent. It is often convenient, especially when dealing with the
theoretical interpretation of the diagram, to express the com-
position of the alloy in terms of atoms or molecules. In that
case, the points on the axis of absciss® represent the atomic or
molecular concentration, that is, the number of atoms or mole-
cules of the second metal present in 100 atoms or molecules
of the mixture. Atomic concentrations will be generally
employed in the sequel. The concentration of M is of course
found in all cases by subtracting that of N from 1o0.
Neglecting for the present the remainder of the cooling curve,
and considering only the temperature at which crystallization
commences, the effect of the addition of a small quantity of
the metal N is to depress this temperature from # (the freezing-
point of pure M) to »' (Fig. 3). Further successive small
additions of N lower the initial temperature of crystallization
still more, for example, to #" and 7". In exactly the same
way, if 7 be the freezing-point of the pure metal N, successive
small additions of M lower the temperature at which solidifi-
cation begins successively to 7/, #", and ", If in Fig. 3,
therefore, the abscissee are taken to represent the proportions
of M and N in the fluid mixtures and the ordinates the
temperatures at which the first particles of solid separate on
cooling, these temperatures lie on two curves (represented for
the sake of simplicity as straight lines) sloping downwards from
m and 7 respectively. A point, ¢, must consequently exist at
which these two curves intersect. The alloy corresponding
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with the composition ¢, found by dropping a perpendicular
from e upon the concentration axis, has the lowest initial
freezing-point of the whole series. It is hence known as the
eutectic alloy (Greek edryxros, easily-melting, from e + rijk-ew)
or simply eufectic, and the point ¢ is called the eutectic point,
the introduction of these convenient terms being due to
Guthrie. :

Returning now to the cooling curves of individual alloys,
represented in Fig. 2, the point at which the curve changes its
direction, owing to the development of heat on solidification,
is lowered by the addition of the second metal from 7 to /.
The portion of the curve which represents the passage from
the liquid to the solid state, however, is no longer horizontal,
as.bc; that is, the solidification of the mass no longer takes
place at constant temperature. For the separation of the first
crystals of the metal M alters the composition of the part
remaining fluid, which is now richer in N than before.
Referring to Fig. 3, it will be seen that the separation of
crystals from such a mixture takes place at a temperature
lower than 7. Consequently, as the mctal M is withdrawn
from the molten alloy by crystallization, the mother-liquor
becomes progressively richer in N, and the temperature at
which it can deposit more crystals progressively sinks, This
gives to the part #'¢’ of the cooling curve C (Fig. 2) the sloping
form indicated. For alloys containing more and more of the
second metal N, the slope of the cooling curve becomes
steeper and steeper, as in D. The change in direction at the
point " or #" being much less than at &, the temperature of
initial solidification becomes more difficult to determine as the
proportion of N in the alloys increases.

In all these cases,as M is withdrawn from the molten mass,
a point must be reached at which the mother-liquor has the
composition and temperature represented by the eutectic point
e. In order to determine what happens at this point, it will
be convenient to consider the freezing-point curve (Fig. 3)
from a somewhat different standpoint. The left-hand branch
of the curve, ¢, may be considered as a solubility curve, since
it represents the temperatures at which solutions of M in N
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become saturated with respect to M. In like manner, the
right-hand branch represents the temperatures at which solu-
tions of N in M (for in alloys either metal may be regarded
in turn as solvent or as solute) become saturated with respect
to N. Now, at the eutectic point ¢, being the point of inter-
section of the two solubility curves, the solution is simul-
taneously saturated with M and N. Should crystals of M
separate, it at once becomes supersaturated with respect to N,
and equilibrium can only be restored by the separation of
crystals of N. The metals M and N therefore crystallize
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together, the temperature remaining constant until the whole
of the mass has solidified. This constancy of freezing-point
is characteristic of eutectic mixtures,

In an alloy with the initial freezing-point 7', containing
only a small quantity of the metal N, the greater part will
have solidified before the eutectic point is reached. The
amount which will solidify at the eutectic temperature is
therefore very small, and will be represented by a very short
horizontal portion of the cooling curve, as at ¢’f" in the curve C
(Fig. 2). As alloys richer in N are examined, this horizontal
portion becomes more strongly marked, as in D. Finally, an

P! G} C
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alloy having exactly the eutectic composition solidifies com-
pletely at constant temperature, so that its cooling curve has
the form E. When the proportion of N in the alloys is further
increased, so that the crystals which separate first are those of
the metal N, the length of the eutectic horizontal again
decreases, becoming less and less as the composition of the
alloy approaches the pure metal N.

We are now in a position to construct the complete diagram
of thermal equilibrium for alloys of M and N. The time taken
for the eutectic mother-liquor to solidify, that is, the length of
the lower horizontal portion of the cooling curve, may be con-
sidered as proportional to the quantity of eutectic present, the
conditions of cooling of all the alloys being assumed to be
identical. These “ eutectic times” may be plotted as ordinates
against the composition of the alloys as abscisse, as in the
lower part of Fig. 4. The intersection of the two branches
would, if they were straight lines, give the eutectic composition,
since it indicates the maximum time of eutectic solidification.
We owe this use of time-composition curves to Tammann.!

Obviously, if the eutectic times thus plotted fall on a curve
instead of on a straight line, it is less easy to determine the
exact point, and the value of the method in doubtful cases has
proved to be small.

The exact position of the two branches of the freezing-point
curve now having been determined, the remainder of the
diagram may be constructed. Since the cooling curves of all
mixtures of M and N show an arrest at a constant temperature,
the eutectic temperature, a line may be drawn across the
diagram from C to D (Fig. 4, upper part) through the eutectic
point E, and parallel with the axis of concentration. Thisline
represents the solidification of the eutectic mother-liquor, and
is called the ewfectic horizontal. A vertical line from E to F
separates those alloys which contain an excess of the metal M
over the eutectic proportion from those which contain an excess
of N.

Assuming that the alloys are not heated to so high a tempe-
rature as to produce an appreciable amount of metallic vapour,

! Zeitsch. anorg. Chent., 1903, 87, 303 ; 1905, 45, 24 ; 1905, 47, 280,
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any alloy the temperature and composition of which is repre-
sented by a point lying above the freezing-point curve AEB is
in a liquid state. Points on AE or EB represent the com-

A
LY
% Ligquid
% B
)
5 M + lLigud
E N +Zi9m§d
C D
M + eutectic N+ euzectic
M 2 N
Concentration
5 ,
8 i
:
S 1
- Concentration

F1G. 4.—Thermal analysis, simplest case.

mencement of crystallization of the metals M and N respec-
tively. An alloy represented by a point within the triangle ACE
consists of crystals of M, together with a still liquid mother-
liquor. In the same way the triangle BDE encloses mixtures
of N with mother-liquor. All alloys below the line CD are
solid. If to the left of the line EF, they consist of crystals of
M together with eutectic; if to the right, of crystals of
N + eutectic.
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TaR ForM OF THE FREEZING-POINT CURVE

In the simplest case, the lowering of the freezing-point of a
metal by the addition of a second metal is proportional to the
number of molecules of the latter added. This is the well-
known law of Raoult, which may be expressed by saying that
on the addition of one molecule of N to roo molecules of M
the freezing-point is depressed by an amount independent of
the nature of the added metal, and known as the molecular
depression. 'Two assumptions are here made, as in the earlier
part of this chapter, namely, (1) that the two metals do not
form a compound under the conditions of the experiment, and
(2) that the metal M crystallizes from the fluid alloy in a pure
state. It will be shown later that the metals are frequently
monatomic, but it is best for the present to make no assump-
tion as to their molecular complexity, and therefore to use.
atoms instead of molecules as the units. The composition of
an alloy is then expressed in afomic percentages, the abscisse
of the temperature-concentration diagram being the number
of atoms of one of the component metals in 100 atoms of the
alloy. The atomic percentage may be calculated from the
percentage by weight in the following manner :—

If p and (100 — p) are the percentages of the metals M and
N respectively, @ and 4 their atomic weights, and x and (100 —x)
the atomic percentages in the mixture, then

e 100p
2 + (100 = p)%
(b5 g e 100(100 — 2)

82+ (100 - 7)

Since the calculation of the atomic proportions of each
alloy examined is very tedious, it is advisable to make the
calculation for three or four percentages only, and then to plot
the atomic percentages found against the percentages by weight,
to draw a smooth curve through the points, and to find the
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composition of the remaining alloys of the series by graphical
interpolation.

An important advantage of the use of atomic percentages
instead of percentages by weight is that the branches of the
freezing-point curve are then straight lines for the range over
which the laws of dilute solutions hold good, which is generally
the case up to 5 or 1o atomic per cent. The slope of the
curve, d0/dx, then represents the depression of freezing-point
produced by the addition of one atom of the second metal.
This is called by Heycock and Neville the azomic fall. The
deviations from the rectilinear form of such curves, and the
mode of calculation of the molecular complexity of the dis-
solved metal, will be discussed later, in connection with the
study of the exact form of freezing-point curves, and the
formulee which have been employed to represent them!
The most conspicuous advantages of the atomic method of
plotting, however, will be seen in dealing with inter-metallic
compounds.

Tue EuTECTIC ALLOY

The fact that with many pairs of metals it is possible to
prepare one alloy which has a freezing-point lower than that of
any other member of the series has long been known, and was
made use of in the preparation of the so-called * fusible metals.”
The production of a liquid by mixing a solid salt with solid
ice in “ freezing mixtures ” was also well known.® As far back
as 1864, Riidorff® gave the correct explanation of the produc-
tion of freezing mixtures, showing that the point of minimum
temperature thus obtained was the intersection of the curve of
separation of ice from salt solutions with that of the solubility
of salt in water. The fact that metals showed a similar
behaviour, so that on mixing two solid amalgams a liquid

! See Chapter XV.

? For the earlier history of freezing mixtures, see C, G. von Wirkner,
Geschichte und Theorie der Kilteerzeugung, Hamburg, 1897. The earliest
quantitative measurements are those of R, A, F. de Réaumur, Mém. Acad.
Sci., 1734. -

¥ Pogg. Ann., 1864, [v.] 2, 337.
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amalgam might be produced with considerable lowering of
temperature, in complete analogy with freezing mixtures, had
been observed by Dobereiner in 1824.

The freezing-points of a very extensive series of salt solu-
tions were investigated from this point of view by Guthrie?
Unfortunately, however, in spite of the work of Riidorff, men-
tioned above, and of de Coppet,?® the constancy of composition
and freezing-point and the characteristic appearance of the
mixture of minimum freezing-point led Guthrie to regard it as
a combination of the salt with water, stable only below o°, to
which he gave the name of ¢ryoliydrate. 1In his later investiga-
tions, the complete resemblance between the behaviour of
cooled salt solutions, alloys, and mixtures of fused salts was
shown, and the word “ eutectic ” was introduced.* The view
that the cryohydrate was a chemical compound had been com-
bated in the meantime by Pfaundler,® but was long popular.
From the fact that cryohydrates always contain a large quantity
of water in proportion to that of the salt, it is usually possible
to find a formula of a hydrate to represent its composition
approximately. In alloys and mixtures of fused salts in which
the constituents are present in more nearly equal proportions,
the deviation from a simple moleculdr ratio is often very
marked, and the composite nature of eutectics was conse-
quently more readily admitted. Even here the occasional
approach of eutectic alloys to simple formula led to their being
regarded as compounds. A typical case is that of the eutectic
alloy of copper and silver, which was long known as Levol's
alloy®and regarded as a compound having the formula Ag;Cu,.”

1 Schweigg. ., 1824, 42, 182,

® F. Guthrie, P%il. Mag., 1875, [iv.] 49, 1, 206, 266 ; 1876, [v.] 1, 49,
354, 446 ; 1876, [v.]2, 211 5 1878, [v.] 6, 35, 105.

3 Bull. Soc. Vaudoise Sci. Nat., 1871, [ii.] 11, 1.

4 Phil. Mag., 1884, [v.]17, 462 ; Proc. Phys.Soc., 1884-5, 6, 124, 169.

5 Ber., 1877, 10, 2223 ; see also Offer, Siteungsber. Wien. Akad. Sei.,
1880, 81, 1058.

8 A. Levoly, ¥. Pharm. Chim., 1850, [iii.] 17, 111.

7 Certain regularities in the composition of eutectics have been described
by A. Gorboff, ¥. Russ. Phys. Chem. Soc., 1909, 41, 1241. For an ex-
amination of this and other formula for eutectics, see C. H, Desch, Z7ans.
Faraday Soc., 1910, 6, 160.
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From what has been said above, in discussing the thermal
diagram, it will be seen that the eutectic is really a conglomerate
of the two components. From the fact that its cooling curve
has the same form as that of a pure substance, namely, that of
Fig. 2, B, and that the crystallization of both components takes
place simultaneously, so causing a very intimate mixture, the
mistake of considering it as homogeneous is readily explained.
It will be seen later, in treating of the microscopic and other
properties of alloys, that the appearance of eutectic alloys is
characteristic, and often quite unlike that of mere mechanical
mixtures. The heterogeneity of cryohydrates was not definitely
proved until 1895, when Ponsot! showed by microscopic
examination that distinct crystals of ice, and of potassium
permanganate, potassium dichromate, and copper sulphate,
could be observed in the frozen cryohydrates of those salts.
The same thing was shown for the cryohydrates of colourless
salts by examination in polarized light. Considering the
false idea implied by the term * cryohydrate,” it is better to
abandon-its use, and to employ the term *“eutectic” for salt
solutions, alloys, mixtures of fused salts or organic substances,
and igneous rocks alike,

DiscussioN OF THE PHASE EQUILIBRIUM

The presentation of metallographic results in the language
of the phase-doctrine is so frequent, that it is desirable to
discuss the simple case already examined, from this point of
view. It is outside the scope of this work to set forth the
principles of the phase rule, which have been fully explained
in another work of this series.? Here it will be sufficient to
take the rule itself for granted, referring elsewhere for its
justification,

In all the cases to be considered in metallography, the
components of the system are the pure metals. The plases are

Y Bull. Soc. Chim., 1895, [iii.] 13, 312,

* The Phase Rule, by Dr. A. Findlay, For the theoretical basis on
which the rule is founded, see the work by Dr. F. Donnan, on Zkermos
dynamics, in the same series,

-
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such homogeneous portions of the system as are separated
from each other in space by bounding surfaces. Thus the
vapour forms a single phase. There may be one or more
liquid phases, for instance, a vessel containing mercury, water,
and oil, shows three coexistent liquid phases, separated from
one another by definite bounding surfaces. Amongst alloys,
the system lead-zinc affords an example of two separate
liquid phases. The various types of crystals which may be
present in solid alloys also constitute distinct phases. The
number of degrees of freedom of a system is “ the number of
the variable factors, temperature, pressure, and concentration
of components, which must be arbitrarily fixed in order that
the condition of the system may be perfectly defined.”?

The phase rule now states that, if p be the number of
phases, 7z the number of components, and f the number of
degrees of freedom, then

f=n—-p+2
when the system is in equilibrium. Consequently, for a
system of a given number of components, the greater the
number of phases present, the less is the variability.

A certain simplification may be introduced into most of
the cases with which we have to deal in metallography, It is
commonly permissible to neglect the vapour phase when con-
structing the freezing-point diagram, the volatility of most
metals at their melting-points being small. Cases in which
the vapour phase is important form a separate class. In the
same way, the equilibrium may be assumed to be reached
under a constant pressure, that of the atmosphere, since the
vessels in which the fusion is carried out are either open to
the air or communicate with vessels in which the pressure is
that of the atmosphere. Pressure may therefore be omitted
from the variables to be considered. The influence of pressure
on freezing-point, and on the equilibrium of systems of two or
more components, is of great scientific interest, but may be
neglected in all but exceptional cases when dealing with
metallic alloys. In the closely related subject of the formation

' Findlay, Phase Rule, p. 15.
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of igneous rocks, however, this influence becomes a factor of
the very highest importance.

The effect of omitting all consideration of the vapour
phase and of changes of pressure from the study of alloys is to
reduce the number of variables to two, namely, temperature
and concentration. The conditions of equilibrium are then
represented by the reduced formula

f=n—p+1
and it is in this form that the phase rule is most usefully
employed in the consideration of alloys.

Applying this rule to the case represented in Fig,. 4, it will
be seen that the whole area above the curve AEB represents
mixtures of the two components containing only a single phase,
the liquid, so that

Sfl=2—~14+1=2

the system has, therefore, two degrees of freedom, or is said to
be divariant. This means that both temperature and con-
centration may vary independently, without any alteration of
the number of phases. Let the temperature now change so
that a point on the curve AE or EB is reached. Solid begins
to separate, that is, a new phase appears. There being now
two phases, liquid and solid,

f'=2—2+I=I

the number of degrees of freedom is reduced to one, and the
system is said to be wnivariant. In this case, any change of
temperature determines a corresponding change in the com-
position of the mother-liquor or liquid phase. Cooling the
alloy causes a further deposition of the solid phase, which
being in this case the pure metal, does not vary in composi-
tion, and the part remaining liquid is correspondingly im-
poverished. For points on the curve AEB, therefore, to
every definite temperature corresponds a definite composition,
and fixing either temperature or concentration immediately
fixes the other variable.

At the eutectic point E, the two solid metals are simul-
taneously in equilibrium with the liquid. There are thus three
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phases present, and the number of degrees of freedom is
therefore reduced to zero, or the equilibrium is only possible
at a definite temperature and concentration, the eutectic
temperature and eutectic concentration. The system is now
said to be snvariant. The two solid phases are deposited in
a constant proportion, so that the composition of the mother-
liquor, as well as its temperature, remains constant during the
whole process of solidification.

It follows from this that the eutectic alloy is not to be
regarded as a phase, but as an intimate mechanical mixture of
two solid phases, in this case the two component metals, In
the diagram, Fig. 4, therefore, the whole of the area CDNM
represents mixtures of the two solid phases, and the line EF
does not mark a boundary between distinct phases. From a
micrographic point of view, however, it is necessary to make
a distinction between the metal which has solidified as primary
crystals along the line AE or EB, and that which has solidified,
in intimate association with the second metal, at the point E.
This is effected by treating the pure metals M and N and the
eutectic alloy as three separate micrographic constituents,
although the former are single phases, and the latter a con-
glomerate of two phases. The area CEFM then represents
mixtures of primary crystals of M with the eutectic,and EDNF
mixtures of primary crystals of N with the eutectic, and this
distribution of phases is indicated in the diagram.

The relative proportions of the several phases present in
any alloy of any given composition at a given temperature are
readily determined from the diagram. In Fig. 5, the upper
part of Fig. 4 is repeated. The point g represents an alloy of
which a part is still liquid, the remainder having solidified in
the form of crystals of the pure metal M. It is required to find
the proportion of solid in the mixture, and the composition
of the still liquid portion. A horizontal line drawn through g
cuts the freezing-point curve AE at 7, and the vertical axis at S.
The solid phase being, by hypothesis, the pure metal, its
composition is represented by S. The composition of the
liquid phase is given by the point 7, from which the percentage of
the metal M in the liquid is found by dropping a perpendicular
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on to the concentration axis at x. The alloy represented
by the point g therefore consists of crystals of the metal M
and a liquid portion which contains Mx per cent. of N and Nx
per cent. of M.

If the temperature and concentration of the original
liquid alloy were represented at a particular moment by the
point o, then on cooling, the curve AE is cut at the
point p. At this temperature, the composition of the liquid
phase is unchanged. As crystals of M separate, however,

A
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Fic. s.

the point representing the concentration of the two metals
in the liquid phase moves along the line AE from 2 to
7. A simple geometrical consideration shows that the solid.
and liquid phases are now respectively present in the ratio of
g7 to S¢g.  Since the liquid phase must ultimately reach the
eutectic concentration, represented by the point E, the relative
proportions of solid and liquid respectively on reaching the
eutectic temperature are given by the ratio ZE : C4. Since the
eutectic solidifies as a distinct micrographic constituent, it is
convenient for many purposes to express the composition of
the completely solidified alloy in terms of the percentage of
crystals of the free metal M or N and of the eutectic. For
this purpose, a simple graphical method introduced by
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Sauveur! is very convenient. The vertical axis (Fig. 6) is
divided into 100 parts, and the horizontal axis represents the
percentage of the two metals in the alloy. The eutectic com-
position being as before E, straight lines are drawn from M
to E and from E to N. An alloy of the composition x, that
is, containing Mx per cent. of the metal N and Nx per cent.
of M, will in the solid state be made up of xy per cent. of

E
Crystals of

F16. 6.—Micrographic constituents of a simple binary system.

e L

N

eutectic and yz per cent. of crystals of M. This form of
graphical construction will be frequently employed.

THE MELTING-POINT

We may now consider what happens when a solid alloy of
this type is heated. If the alloy has exactly the eutectic
composition, the whole of it will liquefy at the eutectic tem-
perature, although this is much below the melting-point of
either of the component metals. If, on the other hand, it
consists of a mixture of crystals of one of the metals with the
eutectic, liquefaction of the eutectic portion only will take place
at this temperature. The temperature will then rise, the now
fluid eutectic acting as a solvent for the solid crystals, and the
composition of the liquid changing in a manner which may be

Y Mitallographist, 1898, 1, 27.
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represented by a point travelling upwards along the solubility
curve, until the last crystals are dissolved at a temperature
which is the same as that at which crystallization first began
on cooling. The course of events on melting is in fact the
reverse of that on freezing, and the heating curve is the
reverse of the cooling curve, if we suppose the rate of influx of
heat to be sufficient to maintain equilibrium throughout the
process. In practice, however, it is far more difficult to ensure
equilibrium during melting than during freezing, and heating
curves are therefore rarely employed at the melting-point
except as an occasional mode of controlling cooling curves.

Since the eutectic alloy is only a conglomerate of two
phases, it would seem that a sufficiently intimate mixture of
the two metals should melt at the eutectic temperature, and
such is found to be the case. With mixtures of coarse particles,
such as filings, the contact is not sufficiently intimate, and
melting does not take place to an appreciable extent until a
somewhat higher temperature has been reached. This point
has been investigated experimentally in the case of mixtures
of lead and tin.' The eutectic alloy of this series melts at
180° and a mixture of the finely powdered metals, the particles
of which did not exceed o'r5 mm. in diameter, melted exactly
at that temperature when slowly and regularly heated. When,
however, the particles varied in diameter from o°15 to o°52 mm.,
the melting-point rose to 183° and coarser particles required
a still higher temperature to produce fusion. A similar pheno-
menon, of some practical importance, occurs in the case of
grey cast iron.? The graphite, which is one of the constituents
of the eutectic, collects together during solidification in the
form of comparatively coarse plates. These plates are only
slowly dissolved on heating by the metal in immediate contact
with them, with the result that the melting-point may be as
much as 70° higher than the freezing-point.

Compression of the particles will evidently increase the
intimacy of contact, and a compressed mixture of metals is
therefore more likely to melt at the eutectic temperature than

! C. Benedicks and R. Arpi, Metallurgie, 1907, 4, 416,
? P. Goerens, #bid., 137.
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one mixed by stirring or shaking only. The fact that fusible
metals, such as Wood’s and Rose’s alloys, which melt in hot
water, can be formed by subjecting their components to a
pressure of 7500 atm.,' does not prove, as was at first supposed,
that a reaction occurs between the metals in the solid state, as
the result may be explained as being due to the bringing of
the particles into such close contact by pressure that equi-
librium is readily attained on heating to the eutectic
temperature,

o
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F16. 7.—Thallium and gold.

Two typical diagrams for eutectiferous series of alloys are
shown in Figs. 7 and 8. Fig. 7 represents the alloys of gold
and thallium ® which do not form either mixed crystals or
compounds. The two branches of the curve are very nearly
straight lines, indicating a very simple constitution of the
solution.

! W. Spring, Ber., 1882, 15, 593.
2 M. Levin, Zeitsch. anorg. Chem., 1905, 45. 31.
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The second example is that of the alloys of silver and lead,
the equilibrium diagram of which is represented in Fig. 8.
The form of the freezing-point curve in this case is of great
practical importance, since on it depends the well-known
Pattinson process for the desilverization of lead. The eutectic
point lies, as will be seen from the diagram, very near to the
lead end of the curve, the eutectic alloy containing only 4
atomic per cent. of silver, or 2°25 per cent. by weight. The
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Fic. 8.—Lead and silver,

silver branch of the curve is far from being straight, and has a
point of inflection, the appearance is therefore different from
that of the gold-thallium diagram, but the arrangement of the
fields of phase-equilibrium is nevertheless the same. It is not
certain whether the eutectic horizontal reaches exactly to the
limits of the diagram, as assumed, but microscopical examination

! The upper branches of the curve were determined very accurately by
Heycock and Neville (PZil. Trans., 1897, 1894, 25). The complete
diagram is drawn from the observations of K. Friedrich (#etallurgie, 1906,
8, 396) and G. ]. Petrenko (Zeitsch. anorg. Chem., 1907, 53, 200). All
three sets of figures are in good agreement.
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and the study of the cooling curves indicate that this must be
very nearly true.!

The object of the Pattinson process is the fractional
crystallization of an extremely dilute solution of silver in
molten lead. The lead, containing o'oog per cent of silver or
more, is cooled until a certain proportion—for instance, seven-
eighths—has crystallized, and the crystals are removed by means
of a perforated ladle. The portion remaining liquid is then
nearer to the eutectic composition than the original alloy,
that is to say, it is richer in silver. The crystals collected are
those separating on the left-land branch of the curve in Fig. 8,
and consist of practically pure lead. Since, however, a portion
of the mother-liquor is always retained mechanically, it is
necessary to re-melt the crystals, and to repeat the process.
The liquid portions are also again partially frozen, until the final
products are almost pure lead, containing at most o'oor per
cent. Ag, and an alloy of the eutectic composition (2°25 per
cent. Ag by weight, or 4 atomic per cent.). Since this alloy
solidifies at constant temperature, it is evident that the process
of fractionation cannot be carried any further.

CasE IN wHICH A COMPOUND OF THE Two METALS MAY
SEPARATE FROM THE MOLTEN ALLOY

The next case to be considered is that in which the two
metals can combine together to form a definite compound.
The existence of such definite inter-metallic compounds has
now been placed beyond doubt, although the exact determina-
tion of their formule is one of the most troublesome problems
of metallography, and all attempts to bring them into line with
the conceptions of valency which prevail in chemistry have so
far proved unsuccessful.? The properties of alloys are pro-
foundly modified by the presence of such compounds, and
the determination of the limits of their existence in each case

! The account of the Pattinson process, given in Abegg’s Handbuck der
anorganischen Chemie (vol. ii. part i. p. 668), incorrectly assumes the
formation of solid solutions of silver and lead.

2 See Chapter XV. ; also C. H. Desch, ¢ Intermetallic Compounds ”
(London, 1914).
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becomes of great importance in the complete metallographic
study of any series of alloys.

It is probable that the methods employed in metallography
are not capable of detecting all the possible inter-metallic
compounds. The reason for this is that experiments with
alloys are commonly made under atmospheric pressure, at
which many compounds of volatile metals may be more or
less completely dissociated at their melting-point, and further
that heating to a temperature far above the melting-point may
be sometimes necessary to effect combination. As Tammann
has remarked, a mixture of liquid oxygen and liquid hydrogen
would, if frozen, give no indication of the existence of a com-
pound of the two elements, whereas the result would be very
different if the oxygen and hydrogen had been previously
heated to such a temperature that water was formed. Metals,
which frequently react with one another very sluggishly, may
co-exist in a state of false equilibrium, which may be difficult
to distinguish from one of true equilibrium. A case of this
kind has been stated to occur in alloys of aluminium and
antimony.! These two metals only combine very slowly when
heated together in the liquid state, so that, in a given ex-
periment, only one-tenth of the total mass had combined after
heating equivalent proportions at 715° for 100 minutes, three-
quarters combining after heating for 30 minutes at 1x00° It
is possible that this effect was really due to films of oxide.

In the present chapter, it will be assumed as before that
the alloys are throughout in a state of equilibrium, and that
the two component metals and the inter-metallic compound
separate from the liquid in a pure state, that is, that solid
solutions are not formed. Two cases may occur.

" A.—THE FREEZING-POINT CURVE SHOWS A MAXIMUM

When the compound formed by the union of the two metals
is so stable that it may be heated to its melting-point without
decomposition, it behaves similarly to a pure metal, and its
freezing-point is depressed by the addition of either of the

! G. Tammann, Zeitsck, anorg. Chem., 1905, 48, 53.
T.P.C. D
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components. The freezing-point curve therefore shows a
maximum corresponding with the composition of the com-
pound. If the affinity of the one metal for the other be so
great that the compound is formed with a large development
of heat, this maximum may lie considerably above the freezing-
point of either of the component metals. A conspicuous
example of this is found in the amalgams of the alkali metals
with mercury. Whilst the freezing-points of mercury, sodium,
and potassium are respectively—38-8°, 97:6° and 62°s5°, the
compounds NaHg, and KHg, solidify at 346° and 27¢9° respec-
tively.!

A compound such as NaHg,, occupying a maximum on the
freezing-point curve, melts to a liquid of the same composition
as the solid. Fusion and solidification therefore take place at
a constant temperature, and the cooling curve of the compound
is in every respect like that of a pure metal. This being so,
alloys containing as solid phases only the compound MN and
one of its component metals, for instance M, may be con-
sidered as a binary system of the same type as those already
discussed, consisting, that is to say, of two branches inter-
secting in a eutectic point. A second binary system is
made up of alloys containing MN and N as solid phases.
Two diagrams similar to Fig. 4 might be placed beside one
another, the second descending branch starting from the
point B. This would, however, give a sharp point to the
summit representing the compound, and this is incompatible
with equilibrium, the conditions of which demand that the
tangent to the curve at such a point shall be horizontal. The
flattening of the curve at the summit indicates that the com-
pound is dissociated to some extent into its components in the
liquid phase, the flatness of the curve increasing with increasing
dissociation.

The form of curve which presents itself in practice is best
illustrated by a concrete example. Iig. 9 has been con-
structed from the results obtained by two different observers

! Schiiller, Zeitsch. anorg. Chem., 1904, 40, 385; N. S. Kurnakoff,
ibid., 1900, 23, 439 ; E. Jdnecke, Zeitsch. physikal. Chem., 1907, b8,
245.
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for the alloys of magnesium and tin! It will be seen that the
curve rises to a very pronounced maximum at 667 atomic per
cent. Mg, indicating the formation of a stable compound
Mg,Sn, melting at 783°4° that is, considerably above the
melting-point of either of the component metals. Two eutectic
points occur, the solid phases Sn and Mg,Sn being in equilibrium
with the liquid phase at 210° and the phases Mg,Sn and Mg
similarly at 565°. Since the eutectic arrests only vanish at the
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Fi1G6. 9.—Tin and magnesium,

limits of the diagram and at the composition of the compound,
it is evident that the conditions assumed in this chapter are
fulfilled, namely, that the solid components separate from the
liquid in a pure state. The middle branch of the curve is
considerably rounded at the summit, indicating that in the
fused compound a certain amount of dissociation takes place,
represented by the equation—

Mg,Sn 22 2Mg + Sn

Y G. Grube, Zeitsch, anorg. Chem., 1905, 48, 76; N. S. Kurnakoff,
ibid.y 177.
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It will be seen that at all temperatures between 565°
and 783° there exist two liquid alloys with which solid
Mg:Sn can be in equilibrium, the one containing an excess
of tin, the other an excess of magnesium. The constituents
present in solidified alloys of this series are represented in
Fig. 10.  On account of the great difference in atomic weight
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between the two metals, the atomic percentages used in
plotting differ greatly from the percentages by weight, which
are added for comparison above Fig. 10,

B.—THE FREEZING-POINT CURVE SHOWS A BREAK, BUT NO
MaxiMum

Many inter-metallic compounds break up below their
melting-point into a liquid alloy and crystals of another
compound. This case is comparable with that of many
hydrated salts, which dissociate on heating into an aqueous
solution and a hydrate containing less water. The hepta-
hydrate of zinc sulphate, ZnSO,,7H,0, for instance, is stable
at ordinary temperatures, but if heated to 39°, it decomposes,
and at this temperature there is equilibrium between the
liquid and vapour phases and two solid phases, namely, the
heptahydrate and the hexahydrate, the latter being the stable

form above 39°:
]

: 39
ZnSO,,7H,0 Z ZnS0,,6H,0 + sat. solution
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There being two components and four phases, the system is
invariant, and any increase or decrease of temperature must
cause the disappearance of one of the solid phases.

Similar cases are common amongst metallic alloys, The
conditions are represented in Fig. 11. The pure metal M
separates along the branch AE, the eutectic point being
reached at E. The ascending branch EF corresponds with
the crystallization of a compound of the two metals M and N,
but instead of reaching a maximum and again falling to a
second eutectic point, as in the case of the alloys of mag-
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nesium and tin, the freezing-point curve changes in direction
at the point F, and ascends to the temperature of solidification
of the pure metal N at B. The branch BF then corresponds
with the crystallization of N from the molten alloys. The
break at F is to be interpreted as follows. The compound
dissociates at the point F, partly melting to a liquid, and
giving up the whole of the metal M contained in it to the
liquid, leaving crystals of N. At the temperature represented
by F, then, there is equilibrium between two solid and one
liquid phase :

MzN,Z N + (solutionof Nin M) . . (1)



38 METALLOGRAPHY

Neglecting the vapour phase, we have three phases and two
components, or, since f; =z — p 4 1, we have f = o, or the
system is invariant, and can only exist at a definite temperature
and concentration of the liquid phase.

It now remains to determine the formula of the compound
separating along the branch EF. In many of the older
determinations, the composition at the point F was taken to
be that of the compound. But it is easy to see that this is by
no means necessarily the case, although it is one of the possible
conditions, and does occasionally occur. The point F is to be
regarded as the intersection of two solubility curves, and may
frequently lie below the maximum of EF. We may, in imagi-
nation, continue the curve EF until it reaches a maximum at
G, and regard the curve FGH as that which would be followed
by the compound in crystallizing were it not for its dis-
sociation, but such extrapolation is difficult and uncertain. A
better means is afforded by the study of the cooling curves.
Alloys having a composition between F and the pure metal N
will show a development of heat at the temperature F, due to
the reaction between a part of the N crystals which have already
separated and the still liquid alloy, to form the compound, that
is, the reaction represented by the lower arrow in equation (1).
The maximum development of heat owing to this reaction co-
incides with the composition of the compound, as indicated by
the arrest curve F/K. Additional evidence is afforded by the
form of the curve CeD. The arrest due to the solidification
of the eutectic E becomes smaller after the eutectic com-
position is passed, finally vanishing when the compound is
reached at D. In Fig, 11, the curve ¥/K reaches its maxi-
mum, and the curve CeD ends, at 75 atomic per cent. of N, that
is, the compound has the formula MN,.

The amount of each constituent present in the solidified
alloys can be determined from Fig. 12. This is, however, an
ideal case which presupposess slow cooling, so that complete
equilibrium is attained. The reaction at the point F takes
place between two solid phases and a solution saturated with
respect to both of them—

MN;,ZN + (solutfon of N in M)
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It is therefore likely to remain incomplete, owing to the com-
pound being deposited as an insoluble layer coating the crystals
of N and hindering further action. The methods of detecting
and allowing for such a condition of incomplete equilibrium
will be discussed later, in connection with the practical con-
struction of the thermal diagram, for the present it is sufficient
to say that the error is reduced to a minimum by very slow
cooling,

stals
i
M

Fi1G. 12,

Percentage of constituents

In the diagram of the antimony-gold alloys (Fig. 13)? it
will be seen that the break in the curve coincides with the
composition AuSb,, and this is therefore one of the exceptional
cases referred to above. On cooling liquid alloys containing
less than 333 atomic per cent. Au, crystals of antimony separate,
but on reaching 460° a portion of these reacts with the mother-
liquor to form crystals of the compound AuSbg. From alloys
containing from 33'3 to 65 atomic per cent. Au, this compound
constitutes the primary crystallization, and from alloys richer
in gold, crystals of gold are the first to separate. Conversely,
on heating, the compound melts at 460° decomposing at the
same time into antimony and a liquid alloy, so that F is an
invariant point, at which the equilibrium

AuaSb, 2> Sb + (liquid alloy of Au and Sb)
occurs.

! R. Vogel, Zeitsch, anorg. Chem., 1906, 50, 143.
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More complicated conditions are very frequent. The
freezing-point curve may present several maxima, or several
breaks, or both maxima and breaks may occur on the same
curve. Examples of this are afforded by the alloys of mag-
nesium and nickel,! and of potassium and mercury,? represented
in Figs. 14 and 15 respectively. The former system has a
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F16. 13.—Antimony and gold.

well-marked maximum, corresponding with the compound
MgNi,, and a break at 770° Since the transformation at 770°
has a maximum duration at 33°3 atomic per cent. Ni, and the
eutectic arrest at 512° vanishes at the same concentration,
the existence of a compound Mg,Ni is clearly indicated. The
arrangement of phases is obvious from an inspection of the
figure. :

Y G. Voss, Zeitsch. anorg. Chem., 1908, 51, 34.

* E, Jinecke, Zeilsck. physikal. Chem., 1907, b8, 245.









CHAPTER III
THE DIAGRAM OF THERMAL EQUILIBRIUM (continued)

SoLID SOLUTIONS OR MIXED CRYSTALS

In all the cases hitherto considered, the component metals or
their compounds have been assumed to crystallize from the
molten alloy in a pure state. More frequently, however, the
mutual solubility of the components which is evident in
the liquid state also persists, although usually to a smaller
extent, in the solid state. That is to say, in the majority of
cases the crystals of M which separate on cooling contain a
greater or less quantity of N, and this not mechanically retained, -
but in a state of true solution. We may speak of true solution
in the case of solids whenever we find homogeneous crystals
of two or more components, the composition of which may be
varied continuously within certain limits. A “solid solution”
(the term is due to van’t Hoff) is therefore a single phase.
Certain pairs of metals are isomorphous, that is, they crystallize
together in all proportions to form homogeneous crystals, the
properties of which vary in a continuous manner from one end
of the series to the other. Others, although crystallizing in
different forms, are each capable of crystallizing with a small
quantity of the second metal, which is thus constrained to take
up a crystalline form foreign to it. The term “solid solution”
is sometimes retained for the cases in which there is no
resemblance of crystalline form, isomorphous mixtures being
placed in a separate class, but in the absence of any exact
knowledge of the distinction, it is better to group together
solid solutions of all kinds. Roozeboom introduced the word
“Mischkrystall” for a solid solution, both components of
43
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which are crystalline, and this term is now very generally used.
The usual English rendering ““ mixed crystals” is in some ways
unfortunate, since it suggests to the mind rather a conglo-
merate than a single phase. For this reason, the older term
“solid solution” will be preferred in the present work,

It is probable that all metals should be regarded theoretically
as possessing some degree of mutual solubility, however slight,
in the solid state, the condition of complete insolubility con-
sidered in the preceding chapter being regarded as an ideal
limiting case. The quantity held in -solution is, however,
frequently so small as to be negligible in practice. When
the solubility is too small to be recognized by thermal methods,
microscopical investigation affords valuable assistance.

The different types of equilibrium in which solid solutions
can ‘co-exist with liquid alloys have been worked out by
Roozeboom?! and by Bruni.? Whereas Bruni employed the
temperature-concentration diagram of which use has been
made in the preceding chapter, Roozeboom based his ex-
haustive study of the subject on the highly abstract principle
of the thermodynamical potential. Both authors arrived at
very similar results, and their conclusions may now be re-
garded as firmly established, For the practical purposes of
metallography, the method of the temperature-concentration
diagram is the only available one, and will be employed
exclusively, although the systems discussed will be referred to
the types of Roozeboom’s classification, as being the more
complete and systematic.

The two component metals may be isomorphous, in which
case only a single series of solid solutions is formed, their
properties varying in a continuous manner from the one end
of the series to the other. It is easy to show that the freezing-
point curve of such a series must be continuous. The points
at which the direction of a freezing-point curve changes
suddenly in direction, so that two intersecting tangents to the
curve may be drawn at the same point, are izvariant points,
at which the number of co-existing phases, vapour being

! II. W. Bakhuis Roozeboom, Zeitsck. physikal. Chem., 1899, 80, 385,
* G, Bruni, Rend. R. Accad. Lincei, 1898, [v.] 1, ii. 138, 347.
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excluded, exceeds the number of components by one. A
series of solid solutions, however, constitutes but a single
phase, and since the only other phase present is the liquid
alloy, the number of co-existing phases never exceeds two.
By our simplified formula

fisn—pt+i1=2—2+1=1

that is, the system always has a degree of freedom, and the
freezing-point curve cannot exhibit a discontinuity.

Systems of this kind have been grouped in three different
classes, according as the freezing-point curve lies wholly

M x N
F1G. 16.—Solid solutions, Type I.

between the freezing-points of the two components (Type IL.),
or presents either a maximum (Type II.) or a minimum (Type
IT1.). The first and third of these types are met with in
alloys.

Type I.—The freezing-points of alloys of isomorphous
metals frequently lie entirely between the freezing-points of
the pure metals. There is, then, no alloy in the series which
on freezing deposits crystals having the same composition as
the liquid with which they are in contact. The liquid phase
is always proportionately richer than the solid phase in that
component, the addition of which lowers the freezing-point.

In Fig. 16, the two isomorphous metals melting at A and
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B respectively, form a continuous series of solid solatjons.
We will assume that the freezing-point curve is concave to the
concentration axis,as AzB. An alloy containing Mx per cent.
of the metal N and N per cent. of the metal M will, on cool-
ing from the molten state, be represented by a point travelling
down /m. At the point 2, crystallization sets in. But in
accordance with what has been said above, the crystals contain
comparatively less of the metal M than does the liquid,~—~they
have a composition represented, let us suppose, by ». As
freezing continues, the composition of the liquid is expressed
by a point travelling down mA towards A, the solid phase
being successively represented by points on a second curve,
npA, which lies throughout its length to the right of AmB.
Roozeboom has called the curve which represents the com-
position of the liquid phase the “liquidus,” and that which
represents the composition of the solid phase the * solidus.”
The solidus lies entirely below the liquidus, and since the two
coincide at A and B, where both liquid and solid phases con-
sist of the pure metal, the solidus must always be less concave
or more convex towards the concentration axis than the
liquidus.

When the temperature has fallen to ¢, the last of the alloy
solidifies, and ¢ is called the “ crystallization interval.” But
it will be seen that the last portions of the liquid had the
composition 7, and could not therefore deposit crystals of the
composition ¢. It follows that the solid phase is only repre-
sented by ¢ as regards its average composition, unless some
further change occurs beyond those described above. The
further change, in conditions of complete equilibrium, is one of
diffusion in the solid phase. For example, the crystals
deposited when the composition of the liquid phase has
changed by an infinitesimal amount, say from 7 to »/, will
have a composition represented by a point lying somewhat to
the left of #. But the first crystals deposited had the com-
position 7z, so that the solid phase can only become homo-
geneous, a condition necessary for equilibrium, by diffusion,
the final result of which is the production of entirely homo-
geneous crystals of the composition . This readjustment by
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diffusion must take place at each stage in order that the solid
phase may remain homogeneous. Since diffusion in a solid
is very slow in comparison with crystallization from a liquid,
complete equilibrium is only attained when the cooling of the
alloy through the solidifying range of temperature is extremely
slow. This condition is rarely completely fulfilled in practice,
and the crystals deposited from the molten alloy therefore fall
short of complete uniformity of composition. It is possible,
by heating the alloy for a long time at a temperature some-
what below the melting-point, to cause diffusion to take place,
and such an “annealing” process is generally necessary to
destroy the heterogeneous structure of solid solutions.

If we suppose that no diffusion whatever takes place in the
solid state, the crystals will be composed of concentric layers
of progressively changing composition. The first layer of
crystalline matter deposited will have the composition 7 as
before, but when the liquid of composition #' is solidifying,
there will be no diffusion to restore equilibrium, so that the
composition of the new solid layer will lie slightly to the
right of #'. The composition of successive layers of solid
will then lie on a curve somewhat below the true solidus.
Supposing that no diffusion whatever takes place, the
condition that the last drop of liquid must have the same
composition as the solid formed by its freezing can only be
satisfied by a part of the alloy remaining liquid until the pure
metal A is reached, this being the only point at which the
liquidus and solidus curves touch. Should a limited amount
of diffusion occur, the end of the solidification may be con-
sidered to be at some such point as #- It will be seen that the
effect of imperfect equilibrium is to lengthen the range of
temperature during which the alloy is solidifying, the interval
in the case described being from 7 to s instead of from » to g.
Should observations of freezing-points taken at too high a rate
of cooling be employed for the determination of the equilibrium
diagram of a series of solid solutions of this type, the effect
would be to exaggerate the distance between the liquidus and
the solidus. In practice, the crystals obtained are heterogeneous,
but less so than in the hypothetical case of entire absence of
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diffusion. The effect of such imperfect equilibrium on structure
will be discussed in connection with the microscopical study of
of alloys.

The process of melting reverses the course of events
observed on freezing. The alloy x remains solid until the
point ¢ is reached on the solidus curve, when the first drop of
liquid appears. This liquid would have the composition # if
we could assume conditions of com-
plete equilibrium, but this would
necessitate a change in the composition
of the whole of the remaining solid,
which would have to become corre-
spondingly richer in the component B.
In practice, melting is likely to be de-
layed until a higher temperature is
reached. The last portions of the alloy
liquefy at the point 7. We see, there-
fore, that the solidus curve, as well as
representing the composition of the
solid phase in equilibrium with liquid
at each temperature, also indicates the

Axis of time temperature at which the first appear-

Fic. 17. ance of liquid occurs when any alloy of

the series is heated. It may therefore

be regarded as the melting-point curve, the liquidus being the
freezing-point curve,

Since the process of crystallization of a solid solution is a
gradual one, extending over an interval of temperature, the
cooling curve of such an alloy cannot have the same form as
that of an alloy belonging to a eutectiferous series, such as those
described in the last chapter. The characteristic form is that
shown in Fig. 17. The portion @/ represents the cooling of
the liquid alloy. The first separation of crystals at & is well
marked, but the curve then assumes a rounded form, and the
final solidification of the remaining mother-liquor, instead
of producing a horizontal arrest-line as in the case of eutecti-
ferous alloys, is only indicated by a slight change of direction
at ¢, where the curve of solidification, &, joins the cooling
curve of the solid alloy, ¢d. This change of direction is

Axis of temperature
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sometimes difficult to observe, the two portions of the curve
appearing to pass smoothly into one another. An improved
method of plotting increases the distinctness of the break, but
under the ordinary conditions of working, the determination
of the solidus curve and of the interval of solidification
is less accurate than the other determinations needed in
constructing a thermal diagram,
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F16. 18.—Gold and platinum.

Examples of complete isomorphism are most abundant
among the metals of high melting-point, such as the platinum
and iron groups, and gold, silver, and copper. The diagrams
of the alloys of gold and platinum (Fig. 18) and of copper and
nickel (Fig. 19) are typical of such isomorphous pairs of metals.
The interval between the liquidus and solidus curves may be
large or small. It will be noticed that the two curves are

T.P.C. E
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much further apart in the gold-platinum series?® than in the
copper-nickel series.? If the liquidus and solidus curves were
to approach one another still more closely, they might be
imagined to coincide, in which case the solid and liquid phase
in equilibrium with one another at any temperature would be
identical in composition. It is very improbable that this case
ever occurs in alloys, and there are theoretical reasons for sup-
posing it to be impossible.®
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F16. 19.—Copper and nickel,

Type I7I., in which the freezing-point curve présents a
maximum, has only been observed so far in organic optical
isomerides, and not in alloys, although it may occur as a part

1 F. Doetinckel, Zeitsch. anorg. Chem., 1907, 54, 333-
2 N. S. Kurnakoff and S. F. Schemtschuschny, 74:d., 156.
3 J. J. van Laar, Zeitsch. phystkal Chem., 1906, 55, 435.
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of a more complex curve in metallic systems. The nature of
the diagram will be readily understood from a comparison
with Type III. The liquidus and solidus curves coincide at
the maximum.

Type 171, —The metals form a continuous series of solid
solutions, the freezing-point curve passing through a minimum.

This type may be illustrated at once by a concrete example,
the alloys of copper and manganese (Fig. 20).! The freezing-
point of each component is lowered by addition of the other,
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M (1260°)
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1100{Cu (10842
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(Cu + Mn)
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0o w 20 30 40 S0 60 70 8 90 00
Atomic % Mn
F16. 20.—Copper and manganese.

but there is no eutectic point, the liquidus curve being con-
tinuous throughout. Where it passes through a minimum the
solidus and liquidus curves coincide, so that at that point the
solid and liquid phases have the same composition. At all
intermediate points on the curve the composition of the solid
phase differs from that of the liquid with which it is in contact,
the relation between the two being found by the method

! S. F. Schemtschuschny, G. Urazoff, and A. Rykowkoff, Zeitsch.
anorg. Chem., 1308, 57, 253.
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described on page 46. The remarks there made as to the
effect of imperfect equilibrium apply in this case also.

Since the alloy of minimum freezing-point solidifies at
constant temperature, its cooling curve has a horizontal portion
like that characteristic of a pure metal or a eutectic alloy. A
mere determination of the liquidus would in fact suggest that
the series was eutectiferous, the trough-like form of the curve
near the minimum not being readily distinguishable from the
intersection of two lines. A determination of the solidus
curve, however, enables the two conditions to be distinguished
with certainty. The eutectic horizontal is absent, the solidus
taking the form of a continuous curve, convex throughout to
the axis of concentration. As the accurate determination
of the solidus is a matter of considerable difficulty, this is
essentially a case in which the thermal and microscopical
investigation should go hand in hand, since the absence of the
characteristic eutectic structure, and the presence of homo-
geneous crystals of the solid solution at the minimum point,
should be readily detected by the latter method. The deter-
mination of the electrical conductivity is also a most valuable
aid in doubtful cases.

How necessary such a control may be is well seen in the
case of the alloys of copper and gold. In spite of the impor-
tance of these alloys in coinage, their constitution has only
recently been studied in detail. The liquidus curve was
determined by W. Roberts-Austen and T. K. Rose,! who
regarded it as being composed of two branches, meeting in
a shallow eutectic trough. They were unable, however, to
observe any eutectic arrests on the cooling curves, or to deter-
mine any points on the solidus. A determination of both
liquidus and solidus led to the conclusion that the curve is of
the type just discussed, a continuous series of solid solutions
being formed. Later investigations have shown that the solid
solution becomes unstable on cooling, and two compounds,
CusAu and CuAu, are formed at lower temperatures.?

Y Proc. Roy. Sec., 19c0, 67, 105.
2 N. S. Kurnakoff, S. F. Schemtschuschny, and M. Zasedateleff, 7.
1Inst, Metals, 1916, 16, 305.
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The alloys of manganese and nickel form a series of
Type III., closely resembling those of copper and man-
ganese.!

More complicated forms of the freezing-point curve, which
may present a point of inflexion, or both a maximum and
a minimum, may in theory be presented by alloys forming a
continuous series of solid solutions.* A point of inflexion
occurs in the liquidus of the magnesium-cadmium alloys at the
composition of the compound MgCd, which can form solid
solutions with both components. All such curves are subject
to the condition that wherever the solidus and liquidus coincide,
so that the solid and liquid phases have the same composition,
the common tangent to the two curves at that point must have
a horizontal direction.

The next case to be considered is that in which the two
metals have only a limited reciprocal solubility in the solid
state. If we compare a pair of isomorphous metals with two
completely miscible liquids, such as alcohol and water, the
alloys of the present type are comparable with a pair of liquids
such as water and ether, of which each can dissolve a certain
limited proportion of the other, so that all mixtures richer than
the limiting value separate into two layers, consisting of
saturated solutions of water in ether, and of ether in water
respectively. In the same way, certain pairs of metals may
form two series of solid solutions, and any alloys falling
between the limits of saturation must consist of a complex of
two phases, each of which is a saturated solid solution.

In the simplest case (Roozeboom’s Type IV.) the two
series of solid solutions meet at a transition point, as indicated
in Fig. 21. The two branches of the freezing-point curve, AC
and CB, have each a corresponding solidus, AD and EB
respectively. At the temperature of the transition point C,
there are two solid phases in simultaneous equilibrium with the
liquid, C is therefore an invariant point, and the transition from
one series of crystals to the other, indicated by the line CE,

! Schemtschuschny, Urazoff, and Rykowkoff, Zoc. ct.
2 R. Ruer, Zetsch. physikal Chem., 1907, 89, 1.
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must take place at constant temperature, that is, CE must be
horizontal. The arrangement of fields will be seen from the
diagram. All alloys lying to the left of C solidify as crystals
of the solid solution «, as in Type I. Similarly, alloys to the
right of E form only crystals of the solid solution 8. Alloys
between C and D at first deposit crystals of B, but on cooling
past the transition temperature these are converted into the
stable form «. All alloys between D and E form, when solid,

B

F16. 21.—Solid solutions, Type IV,

a complex of saturated « and § crystals, having the compositions
D and E respectively. Such a complex is the exact analogue
of a mixture of water and ether which has separated into two
layers, Varying the composition of the alloy between the two
limits D and E changes only the relative proportion of the
two phases, without altering their concentration,

" The lines DP and EQ have been drawn with a slight
inclination from the vertical, since the solubility of one solid
metal in another, like that of liquids, usually decreases with
falling temperature, so that, sufficient time being given to
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establish equilibrium, the composition of the two saturated
solid solutions, a and B3, will change to a certain extent with
the temperature. The inclination of such lines has been
studied in a very few cases, the best known of which are the
alloys of copper with zinc and tin respectively. These cases
will be discussed fully later. The simple case represented in
Fig. 21 has an excellent representative in the series cadmium-
mercury. The cadmium amalgams form two series of solid
solutions, and the ordinates of the points of intersection are—

A Pure Hg, —38°
C 65 atom. per cent. Cd, +190°
D 75 ” 2 »

E 77 bhl » »
B Pure Cd, +322°

The lines DP and EQ diverge at lower temperatures, the limits
of the two solid solutions being at 25° for instance, 65 and 79
atom. per cent. Cd respectively. It was only found possible
to determine the liquidus curve by measurements with the
thermometer, the thermal changes indicated by the other lines
of the dlagram being so small as to escape observation, hence
it was found necessary to complete the investigation by studying
other physical properties of the amalgams. The position of
the solidus was in fact determined from measurements of volume
in the dilatometer, and that' of the lines DP and EQ from
measurements of electromotive force.!

Liquidus and solidus curves of this type, although not often
found representing a complete series, such as that of the
cadmium amalgams, are of frequent occurrence when com-
pounds are present, in which case they naturally form only
a part of the entire equilibrium diagram.

The next case (Roozeboom’s Type V.) occurs very fre-
quently, Two limited series of solid solutions are now
formed, between the limits of which a eutectiferous series of
alloys occurs (Fig. 22). The lettering corresponds with that

Y H. Bijl, Zeitsch. physikal. Ckem., 1902, 41, 641. See also N. A,
Pushin, Zeitsch. anorg. Chem., 1901, 86, 201, :
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of Fig. 21. The two branches of the liquidus now intersect at
a eutectic point, C, at which the two saturated solid solutions
are at once in equilibrium with the liquid phase. The eutectic
horizontal, DE, does not reach the limits of the diagram, as in
the cases considered in Chapter II., but stops short at the limits
of saturation of the two series of solid solutions. This is, in
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F1G. 22.—Solid solutions, Type V.

fact, the means by which we detect the formation of solid
solutions in a eutectiferous series of alloys.

We will now consider what happens during the solidification
of alloys of this series. A liquid alloy represented by the
point p will, on cooling, deposit crystals of the solid solution
a, and its cooling curve will be of the form shown in Fig. 17.
A liquid alloy represented by #', however, at first deposits
crystals of e, and the composition of these crystals changes
from ¢ to D as the temperature falls. At the point D, the a
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crystals are saturated, that is, they are incapable of taking up
any further quantity of the second metal. The point C is then
a eutectic point, at which the two phases D and E (saturated
o and B crystals respectively) separate simultaneously. The
cooling curve therefore differs from Fig. 17 in that the part &¢
is separated from ¢Z by a horizontal portion corresponding
with the solidification of the eutectic. The curve of eutectic
arrest times is shown in the lower part of Fig. 22. When the
development of heat during the solidification of the eutectic is
small, extrapolation of the time curve to cut the zero line is
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F16. 23.—Silver and copper.

uncertain, and a more accurate determination of the position
of the points D and E is obtained by microscopical examination.

A good example of this type is furnished by the alloys of
silver and copper. The freezing-point curve was accurately
determined by Heycock and Neville,! who, however, did not fix
the position of the points D and E. The complete diagram,
constructed from the experimental data. of Friedrich and
Leroux,? is shown in Fig. 23. Since, however, the results of
the microscopical investigation of these alloys are not in agree-
ment with the thermai diagram, it would appear that equilibrium
is by no means readily obtained. It is probable that the

Y Phil. Trans., 1897, 1894, 25.
* Metallurgie, 1907, 4, 203.
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eutectic arrest was observed beyond its true limits, so that
the horizontal in Friedrich’s diagram is too long. In draw-
ing Fig. 23, the electrical conductivity as determined by,
Matthiessen® has been taken into account in fixing the
probable limits of the formation of solid solutions. The
solidus in this figure must therefore be regarded as approxi-
mate only.

The changes which may take place in an alloy during cool-
ing are not at an end when the mass has solidified. Crystalli-
zation from solution, change from one solid phase to another of
different crystalline form, even chemical reactions between the
constituents, are possible in the solid state without the presence
of a liquid solvent, although the velocity of such changes is in
general less than when a liquid is present. The first case to
be considered is that of a metal or inter-metallic compound
which exists in more than one crystalline form, having different
temperature ranges of stability. Such a substance is said to be
polymorphic ; when cooled, it shows a change of properties at
a definite temperature, the Z7ansition temperature, and the change
is generally accompanied by a development of heat, making
itself known as a further arrest in the cooling curve. Such
heat-changes are often comparatively slight, and are not readily
detected on the ordinary temperature-time curve, special
differential and other methods have therefore been devised for
their recognition, and will be described in the chapter on
practical thermal measurements.

The number of polymorphic metals and inter-metallic com-
pounds is very great, and the equilibrium diagrams of alloys
owe a large part of their complexity to this cause. When the
polymorphic metal or compound occurs in a eutectiferous
series, it undergoes the same change whether present as
primary crystals or as a constituent of the eutectic, and the
transformation takes place at the same temperature in both
cases. The polymorphic change is therefore represented by a

! Pogg. Ann., 1860, 110, 190. The microscopical examination of
alloys of this series after annealing for different periods, by W. von
* Lepkowski, Zeitsch. anorg. Chem., 1908, 59, 285, also points to the exist-
ence of solid solutions over a range similar to that indicated in the diagram,
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horizontal line extending over the same limits as the eutectic.
When, on the other hand, the polymorphic metal forms solid
solutions, the transition temperature varies with the com-
position. Moreover, it has been shown by Roozeboom® that
the transformation of a solid solution, like its solidification,
must take place over a certain interval of temperature, so that
we have two curves, representing the beginning and the end of
the polymorphic change, and corresponding very closely with
the liquidus and solidus curves already studied. This will be
understood by reference to Figs. 24 and 25. In the former of
these, both the low and the high temperature modifications of
the two metals are assumed to be completely isomorphous. In
the second figure, only one of the components of the isomor-
phous series is assumed to undergo a change on cooling.

It may happen that the solid solution breaks up into its
components on cooling, and the diagram then assumes the
form shown in Fig. 26. The temperature at which each com-
ponent crystallizes from the solid solution is lowered by
addition of the other, and we consequently obtain two
transformation curves. The resemblance of this curve to the
freezing-poir*, curve of a eutectiferous series is at once apparent,
and the analogy is a real one. Primary separation of the
components takes place along the two curves, and when the
temperature of intersection is reached, the remaining solid
solution splits up into a conglomerate of the two components.
From the resemblance of this alloy in its physical properties
as well as in its mode of formation to a eutectic, it is called
a eutectoid.® The best-known examples are those of the iron-
carbon and copper-tin series, and these are illustrated in
Figs, 27 and 28. Fig. 27 is a small part of the complete
diagram of the iron-carbon alloys, constructed from the data
of Carpenter and Keeling? The homogeneous solid solution

V Zeitsch. physikal, Chem., 1899, 80, 383.

* H. M. Howe, Metallographist, 1903, 6, 249. The word ““aeolic”
had been previously used, .but not generally adopted. (See Howe, Zron,
Steel, and other Alloys, Boston, 1903.)

® H. C. H. Carpenter and B. F, E. Keeling, % Zron Stee! Inst.,
1904, i, 224.
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of carbide in v-iron breaks up on cooling, setting free pure iron
in the 8- form and iron carbide, Fe,C. Pure iron separates
along the left-hand curve, but at 760° a second polymorphic
change takes place, described as the transformation of 8- into
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a-iron. Since the metal is pure, this change takes place at
constant temperature. The remainder of the curve now
represents the separation of e-iron from the solid solution.
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Passing to the alloys richer in carbon, the carbide crystallizes
along the right-hand branch, intersecting the other at the
eutectoid point, at which the remaining solid solution splits
up into a finely laminated conglomerate of iron and carbide,
known as pearlite. All alloys comprised within the limits
of the diagram show an arrest on their cooling curves at 69o°,
corresponding with the formation of pearlite, The heat-
development reaches a maximum at the eutectoid composition,
Ehat is, at 0’89 per cent. of carbon,
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Fi1G. 27.—Iron and carbon. F1G. 28.—Copper and tin.

The curve in Fig. 28 is taken from Heycock and Neville’s
diagram of the copper-tin alloys.! Alloys containing 1%
atomic per cent. of tin contain a solid solution at 550° which
on further cooling breaks up into crystals of copper and of
another substance, possibly Cu,Sn. The eutectoid composed
of these two constituents has a very characteristic structure.
Both of these series of alloys will receive fuller treatment in a
subsequent chapter.

It was mentioned above that when two solid solutions are

v Pkil. Trans., 1903, 2024, 1. A slight modification has been intro-

duced, made necessary by the work of F. Giolitti and G. Tavanti, Gazzetta,
1908, 38, ii. 209.
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in equilibrium with one another, their composition usually
changes as the temperature falls, so that the lines separating
the different fields are not vertical, but inclined or curved.
This is well illustrated by the alloys of copper and zinc.
Fig. 29 is a portion of the diagram.! Alloys containing 38 to
52 per cent. of zinc are homogeneous at 800°, forming the
B solid solution. At lower temperatures, those rich in copper
throw out crystals of a second solution, «, whilst those rich in
zinc throw out crystals of a compound, Cu,Zng. This crystalli-
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F16. 29.—Copper and zinc.

zation proceeds as the temperature falls, so that the field of
the B solution becomes progressively narrower with decreasing
temperature.?

It is possible for the components of a solid solution to
enter into combination to form a definite compound on
cooling, or the components may each separately undergo a

! E. S. Shepherd, ¥. Physical Chem., 1904, 8, 421; V. E. Tafe,
Metallurgie, 1908, 8, 343.

¢ It has been suggested (II. C. H. Carpenter and C. A. Edwards,
. Inst. Metals, 1911, 8, 127 ; H. C. H. Carpenter, 76id., 1912,7, 70 ; 8, 51)
that the condition represented above, although generally observed, is not a
stable one, and that a eutectoid point exists at 470°, below which tempera-
ture the B-solution has no stable existence. Later work by O. F. Hudson
(¢#67d., 1914, 12, 89) makes it more probable that the change at 470°is a
polymorphic change of the 8-solution, and that no eutectoid is formed.
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polymorphic change, and the low-temperature modifications
may combine.

A remarkable case is presented by the alloys of magnesium
and cadmium. These metals are perfectly miscible in the
liquid s*ate, and on cooling form a homogeneous series of solid
solutions. The liquidus curve, however, is of unusual form,

1007
Atom. % Cd

F16. 30.

having a point of inflexion.! This point,at which the common
tangent to the liquidus and solidus curves is horizontal, occurs
at 5o atomic per cent. of each metal, and therefore corresponds
with a compound CdMg, which is miscible in the solid state
with both of its components. At lower temperatures the solid
solution becomes unstable, and the compound CdMg, holding

! G. Grube, Zeitsch. anorg. Chem., 1906, 49, 72.
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only a small quantity of one or other component, crystallises
out, as shown in the diagram (Fig. 30). The diagram is
obviously incomplete, as it is impossible to follow such changes
down to very low temperatures, on account of the great resist-
ance to recrystallisation of the rigid solid. The form of the
curves suggests that the two eutectoids must be formed, but
the position of the other branches of the transformation curve
has not been determined. The position of the curves in the
lower part of the diagram has been fixed by measurements of
physical properties, such as the electrical conductivity and
hardness, rather than by purely thermal methods.! The alloys
of copper and gold, already mentioned on p. 52, behave in a
somewhat similar manner, but two compounds are formed at
low temperatures instead of one.

The occurrence of polymorphic change in the solid state
provides an additional means of fixing the formula of an inter-
metallic compound, since the alloy consisting of the pure
compound will show the maximum development of heat due
to its transformation, This fact often provides a means of
distinguishing between solid solutions containing a compound
and those which consist only of the component metals in an
uncombined state, Tammann’s method of plotting arrest times
against composition being applied to the transformation. It
is unnecessary to give separate diagrams of such cases, as the
mode of application will be obvious from what has been said
above and will be further illustrated by concrete examples.

Y G. G. Urazoff, Zeitsch. anorg. Chem., 1911, 78, 31.



CHAPTER 1V

TIHHE DIAGRAM OF THERMAL EQUILIBRIUM
(continued)

TERNARY AND MORE COMPLEX ALLOYVS

THE methods of investigating alloys of three or more metals
are the same in principle as when the simpler alloys of two
metals are dealt with, but the experimental difficulties, and the
complexity of the conditions which may present themselves,
are naturally much greater. For this reason, in spite of the
number of alloys of technical importance containing three
metals, very few ternary systems have been examined with
any degree of completeness, and the study of quaternary
alloys remains an untouched field. The thermal investigation
of any such complex system involves a very large number
of separate experiments, and all the sources of error met
with amongst binary alloys recur in an aggravated form, the
consequence being that the construction of the diagram of
thermal equilibrium of a ternary systeq is an undertaking of
considerable magnitude. The ‘task is simplified when the
object of the research is technical rather than scientific, since
the alloys capable of being utilized in practice are most com-
monly confined within comparatively narrow limits of composi-
tion, the remaining alloys of the system being useless for the
purposes of industry on account of brittleness or other undesir-
able properties. It is, therefore, probable that such investiga-
tions of limited regions, having a mainly practical object in
view, will assume greater importance in future metallographic
research, although it is to be hoped that investigators will also
T.P.C 05 )
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be found to carry out the complete study of a sufficient
number of these highly interesting systems.

The thermal equilibrium of a ternary system can only be
represented graphically by a diagram or model in three dimen-
sions. The method employed in metallography is that due in
the first place to Willard Gibbs,! but more generally associated

A
90|
70
6
50
10 1
/20 2
4
30 N
40 40 \
&
5 50 \‘
7 6 m— = Gox r
: £
7
80 0 \72
BIN NN K
9
IS
C
B P

F1G. 31.—Graphical representation of a ternary system.

with Stokes, who independently devised the same scheme,?
basing it on the method employed by Clerk Maxwell for the
composition of colours.?

The percentage compositions of the alloys are represented
by an equilateral triangle, the height of which is 100 (Fig. 31).
The three points A, B, and C there represent the pure metals,

Y Zyans. Connecticut Acad., 1876, 3, 176.
"2 Proc. Roy. Soc., 1891, 49, 174.
3 Graphical methods of converting percentages by weight into atomic
percentages in ternary systems are given by F, Hoffmann, Metallurgic,
1912, 9, 133, and E. Jinecke, i/, 320,
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a point on the line AB represents a binary alloy of A and B,
and so on for the pairs AC and BC, whilst any point within
the triangle corresponds with an alloy of the three metals.
The composition of such an alloy is readily found by measur-
ing the perpendicular distance of the point from each of the
sides. Thus an alloy represented by X consists of 23 per
cent, of the metal A, 15 per cent. of B, and 62 per cent. of
C. The perpendiculars from A, B, and C on to the opposite
sides being each divided into 100 parts, the composition of
any alloy is expressed on the diagram by measuring distances
proportional to the percentages of two of the three constituents
present in directions parallel with the corresponding perpen-
diculars, the measurement of the third being superfluous, since
the sum of the three perpendiculars from a point are always
equal to the height of the triangle, that is to 10o. It facilitates
plotting if the triangle is divided up into smaller triangles by
ruling lines parallel with the sides through each tenth gradua-
tion on the perpendiculars, as shown in the figure.

The ordinates of temperature are now erected as perpen-
diculars to the plane of the triangle, and their summits are
joined to form a surface or a system of surfaces, so that the
space-model ultimately obtained is a vertical triangular prism.
When only the freezing-point surface, or liquidus, is studied,
the representation in three dimensions may be dispensed with,
the diagram taking the form of a projection of the surface and
its contour lines on the basal plane, the temperatures being
written in at all important points. This graphical method will
be employed for the simpler cases. When, however, the solidus
surface and the temperatures of transformation in the solid state
have to be taken into account, such a projection becomes so
complicated as to be impracticable. The best general view
of such a system would be given by constructing the space-
model in a transparent material, such as celluloid, the various
surfaces being represented by plates of the material, coloured
if necessary, bent to the required shape and cemented in
place. Such a model would be best for purposes of demon-
stration, but a solid space-model is inconvenient when it is
required to read off the phase equilibrium of a given alloy,
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and somie artifice becomes necessary in order that the results
may be expressed in the form of plane diagrams. We may
employ a series of projections on triangles representing the
basal plane, each projection corresponding with a transforma-
tion. A simpler plan, and one giving a much clearer view of
the equilibrium, is that of constructing a series of wertical
sections of the space-model. This has the further advantage
of coinciding with the plan usually adopted in the systematic
practical investigation of such alloys. For instance, a series
of alloys of A, B, and C are examined in which, while the
proportions of B and C are varied, that of A remains constant,
say 1o per cent. The results obtained may be plotted to form
a plane thermal diagram, which is really a vertical section of
the space-model, cut through the point 10 on Ap, in a direc-
tion parallel with BC, so that its base is the line mz. A
second similar series is examined, containing 20 per cent. A,
and a second section, having the base g7, is thus obtained.
A series of similar sections can be built up to give the space-
model. It is obvious that if, after the completion of the
experiments, it is required to bring out more clearly the
variation in the alloys brought about by the gradual increase
of B in the mixtures, the data already obtained allow plane
sections to be drawn parallel with AC. When reviewing such
a series of sectional diagrams, a little practice makes it easy
to grasp the spacial arrangement of the phases in the system.

The freezing-point surface alone is often represented for
purposes of demonstration, by erecting the ordinates as thin
wires on a triangular wooden base, and filling up with plaster
of Paris, smoothing off at the level of the ends of the wires.
Perspective drawings or photographs of such plaster models
are often found in papers dealing with ternary systems.

The possible forms of equilibrium in ternary systems are
very numerous, and it is impossible to give an exhaustive
review of them, A list of the principal memoirs on the subject
is given below.! Only the two simplest cases will be discussed

1 C. R. A. Wright and C. Thompson, Proc. Roy. Soc., 1889, 45, 461 ;
1890, 48, 25 ; 1891, 49, 156 ; C. R, A. Wright, #/d., §0, 372; 1892, 52,
11, 530 ; 1894, 65, 130 ; W, D, Bancro, 7. J’ﬁ;':z';ql Chen., 1897, 1,
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here, and the application of the method to more complex cases
will then be illustrated by some concrete examples.

The two general cases to be considered are, firstly, that in
which the three metals crystallize from the molten alloy in the
pure state, neither solid solutions nor inter-metallic compounds
being formed ; and secondly, that in which the three metals
are isomorphous, forming an unbroken series of solid solutions
composed of any two or of all three of the components.

I. THE THREE METALS CRYSTALLIZE IN A PURE STATE

If we assume that the only solid phases which separate on
cooling are the pure metals, neither compounds nor solid
solutions being formed, the three binary systems obtained by
taking the metals in pairs will each be of the form shown in
Fig. 4,p. 19, and the space-model will therefore be a triangular
prism, of which the three vertical faces are bounded at the
top by V-shaped curves. The freezing-point surfaces which
start from the angles of the prism intersect along three lines,
forming three valleys. The eutectic temperature of a binary
system may be regarded as the simultaneous freezing-point of
the two component metals, and the addition of a third metal
lowers this freezing-point, just as the addition of a second
substance lowers the freezing-point of a pure metal.

The curves of intersection, or the bottoms of the valleys,
therefore slope downwards from the outer faces to the interior
of the prism. They finally intersect at a point, the fernary eutectic *
point, which necessarily represents a lower temperature than any
of the binary eutectics. It is on the existence of such a ternary
eutectic that the possibility of preparing the so-called *fusible
403 ; 1899, 3, 217 ; A. W, Browne, #%id., 1902, 6, 287 ; W. C. Geer, #bid.,
1904, 8, 257; E. S. Shepherd, #id., 92; B. B. Kriloff, Zeitsch.
physikal. Chem., 1897, 24, 441; F. A. H. Scheinemakers, #:d., 1904,
50, 169; 1903, 51, 547; 52, 5r3; H. W. B. Roozeboom and A.
1. W. Aten, ébid., 1905, 58, 449 ; G. Bruni, Gazzetta, 1898, 28, ii.
508 ; C. T. Heycock and F. H. Neville, Z7ans. Chem. Soc., 1891, 59,
936; L. Mascarelli, 4#; R. Accad. Lincei, 1907, [v.] 16, ii. 691 ; P,
Goerens, Metallurgie, 1909, 6, 531; N. Parravano and G. Sirovich,
Gazzelta, 1911, 41, i, 417, 478, 569, 621 ; in addition to those mentioned
in this and the following chapter.
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metals,” melting below 100° depends, a mixture of three
metals in the eutectic proportion in such a case melting more
readily than any possible mixture of the same metals taken
two at a time.

The well-known ternary system, lead—tin—bismuth, is
usually referred to this type.! Strictly speaking, the condition
that the solid phases separating shall be the pure metals is not
fulfilled here, since lead forms solid solutions to a limited
extent with tin,2 and a more thorough investigation would

Fic. 32.—Bismuth, tin, an1 lead.

probably show the same to be true of the other pairs, but this
fact does not affect the form of the freezing-point surface,
which alone falls to be considered here. A projection of the
surface on the basal plane of the prism gives the result shown
in Fig. 32, in which the positions of the binary eutectic lines
and of the ternary eutectic point are clearly seen.® The dotted
curves are isothermals, drawn at equal intervals of temperature,

! G. Charpy, Compt. rend., 1898, 126, 1569 ; Bull. Soc. &’ Encourage-
ment, 1898,-[v.] 8, 670.

2 W. Rosenhain and P. A. Tucker, Pkil. Trans., 1908, 2094, 89.

3 The diagram is taken from Charpy, corrected by the later results of
E. S. Shepherd, ¥ Physical Chem., 1902, 6, 519, and recalculated into
atomic percentages.



TERNARY SYSTEMS 71

and connecting alloys of equal initial freezing-point; they may
be best realized by considering them as the contour-lines of the
solid model. As in a map, these contour-lines indicate the
slope of the surface, which is steep when the lines are closely
crowded together, and gradual when they are widely separated.
The process of cryztallization of an alloy belonging to this
system may now be followed in detail. If we consider a
liquid alloy, the composition of which is represented by the
point A, we shall see that the cooling of such an alloy will be
represented by a point travelling down the perpendicular
erected on the triangular base at the point A. This perpen-
dicular cuts the freezing-point surface BiCFD, that is, the
surface corresponding with the crystallization of bismuth. The
position of the isothermal indicates that the separation of
bismuth begins at 200°. The passage of a part of the bismuth
from the liquid to the solid state does not alter the relative
proportions of lead and tin in the portion remaining liquid,
and the change of composition of the liquid alloy with falling
temperature is therefore represented by a point_ travelling
along the line BiAG from A towards G. When G is reached,
this line intersects the eutectic line CF, which represents
a system in which solid bismuth and solid tin are simultane-
ously in equilibrium with the liquid mother-liquor. A eutectic
alloy of bismuth and tin therefore separates. The relative
proportion of the two solid phases in the eutectic changes
somewhat as the temperature falls, as is indicated by the line
CF, which is not straight, but slightly curved. When the
point F is reached, the whole of the remaining alloy solidifies
at constant temperature. The ternary point F corresponds
with the simultaneous equilibrium of one liquid and three
solid phases, namely, the three pure component metals.
Examination shows that the process described accords
with the indications of the phase doctrine. We are now
dealing with a system of three components. When solid
bismuth separates, there are two phases present, namely, the
crystals of the solid metal, and the still liquid alloy. Since

fl=n—p+1(p.2s)
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[/’ = 2, or the system is divariant, and temperature and com-
position may be varied independently. When the first eutectic
line is cut, a new phase appears, namely, solid tin. The
number of phases being now three, the system is only uni-
variant, so that, the temperature being given, the composition
is also determined. At the ternary eutectic point F, four
phases are in equilibrium, namely, the three solid metals and
the liquid ternary eutectic, so that
ff=3=4+1=0

the system is invariant, and can exist only at one definite
temperature, the temperature indicated by I*. It will be
noticed that, on the space-model, bivariant systems are repre-
sented by surfaces, univariant systems by lines, and invariant
systems, of which only one is possible in the case considered,
by points. A three-dimensional region, such as that existing
above the freezing-point surface, represents a tervariant system,
since the concentration of two components, and the tempe-
rature, may be varied independently. Below the ternary
eutectic temperature, three solid phases co-exist, and since we
have assumed them to be perfectly immiscible, no change of
composition can be brought about, and the phase rule ceases
to be applicable. It again finds application in the cases to
be considered immediately, in which the crystalline phases are
not pure metals, but solid solutions, the composition of which
depends on the temperature. To bring all such cases under
the phase rule, we must assume that the solid metals are not
completely immiscible, but that solid solutions are formed, if
only to an inappreciably small extent. We then have three
co-existing phases, and the system is univariant, so that a
change of temperature brings about a change in the con-
centration of the solid solutions. The miscibility of solid
components is a thermodynamical necessity, although it may
occur only to an infinitesimal extent.!

Y R. Ruer, Zeitsch. physikal, Chem., 1908, 64, 357.
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II. Tue THREE METALS ARE ISOMORPHOUS

A continuous series of solid solutions is formed, and the
freezing-point surface is a continuous one, bounded by the three
freezing-point curves of the three binary systems. The pro-
jection on the basal plane shows no eutectic lines or points.
The curvature of the surface may be indicated by means of
contour lines.

I1{. THE ALLOYS CONTAIN SOLID SOLUTIONS

A good example of a ternary series in which solid solutions
are formed to a limited extent, no compounds being formed,
is furnished by the mercury amalgams of cadmium and lead.?
The three binary systems are of a simple type, and it is not
necessary to reproduce the corresponding diagrams separately.
Cadmium and lead form a eutectiferous series, the eutectic
point lying at 249° and 33 atom. per cent. Cd. Each of these
metals is capable of retaining small quantities of the other in
solid solution, lead holding up to 4 atom. per cent. cadmium,
and cadmium holding a very small percentage of lead. In the
lead-mercury series, the eutectic point lies so near to the
meroury end of the curve as to be indistinguishable from it,
and solid solutions are also formed up to a concentration of
about 40 atom. per cent. Hg. The cadmium-mercury diagram
has been described in a previous chapter? Fig. 33 shows,
above, an elevation of the space-model, and, below, the
projection of the same on the base. The latter is divided into
six fields, each of which corresponds with the primary separa-
tion of a distinct crystalline constituent from the molten alloy.
The lines separating these fields, and the points at which these
lines intersect, indicate the temperatures and concentrations
at which different phases are in equilibrium. There is no
ternary eutectic point, and only a single binary eutectic curve,

! E. Janecke, Zeitsch. physikal. Chem., 1907, 60, 399 ; 1910, 73, 328,
2 Page 55.
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aA, namely, that separating the regions of crystallization of
lead and cadmium. The points £ and D are not to be
distinguished from the freezing-point of mercury, the second
solution in the lead-mercury system being practically pure
mercury, but for the sake of completeness their distance from
the angle Hg of the triangle is exaggerated. The meaning of
the points of intersection of the eutectic and transformation
curves is shown in the following table ;: —

Point. Character. | Phases inﬁg:iiéi.brum with Temp. °C.
a Eutectic ! Pb, Cd 249
b Transformation | CdHga, HgCdB 188
& % | PbHge, HgPbB — 40
A o Pb, Cdliga 235
B " ‘ Pb, Cd, HgCdB 169
C e Pb, PblIga, HgCdR 50
D ,, Pbilge, HgPbg, HgCdBs — 40

The general behaviour of the alloys during solidification
will be seen from a comparison of the upper and lower
diagrams in Fig. 33. Consider an alloy represented by a
point within the area ¢ACd. As the temperature falls, it will
deposit crystals of cadmium. Its composition then changes in
the manner described in connection with the alloys of lead,
tin, and bismuth (p. 71); the point representing it travels
down the freezing-point surface until it reaches the line aA.
The binary eutectic of lead and cadmium then separates, and
the temperature continues to fall until the point A is reached.
This is not a ternary eutectic point, but represents a reaction
between the crystals and the mother-liquor, in accordance with
the equation

Cd + a solution of composition A = Pb + CdHga

The temperature remains constant at 235° so long as this
reaction continues. If the cadmium is in excess, the mother
liquor solidifies completely at this temperature; but if the
cadmium is used up in the reaction, and some liquid of com-
position A remains, this will fall in temperature, depositing
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simultaneously crystals of Pb and CdHge along the line
AB. The other lines on the diagram are explained in the
same way.

Tammann’s method of thermal analysis may also be applied
to ternary systems.! The experimental difficulties are naturally
greater than when dealing with binary systems, and the fact
that several arrests may occur on the cooling curve of a single
alloy necessitates the use of delicate methods of observation
and of a carefully considered scheme for the plotting of the
data obtained. It is desirable to make up series of alloys on
a systematic plan, choosing their compositions so that each
series constitutes a plane vertical section through the space-
model ; the arrest-times are then plotted for each plane section
exactly as for a binary system. Two plans have been adopted
by different workers for the arrangement of these sections.

- Each series may be arranged to contain a constant proportion

of one component metal, say A, whilst the relative quantities
of B and C are progressively varied. This is equivalent to
constructing sections parallel with one of the sides of the
triangle of projection. Or, on the other hand, the ratio of B
to C in each series may be kept constant, a progressive increase
being made in the proportion of A. This is equivalent to
constructing sections starting from one angle of the triangle,
and diverging. Each method has its advantages. The first
is, perhaps, to be preferred, as being the simpler in practice;
and if a sufficient number of alloys are taken, it is not difficult,
from the data obtained by the first method, to construct plane
diagrams in accordance with the second plan, when such are
required to emphasize a particular fact, such as the influence
of a binary compound on the equilibrium.

As an example of a system which has been studied in this
way, we may take the alloys of magnesium, lead, and tin.?
One of the three binary systems has been already described
(p. 35). The systems Mg—Pb and Mg-—Sn resemble one

! R. Sahmen and A. von Vegesack, Zeitsch. physikal. Chem., 1907, 59,
257; 1908, 60, 507 ; E. Janecke, #:d,, 1907, 59, 697.
2 A. von Vegesack, Zeitsch. anorg. Chem., 1907, 54, 367.
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another very closely, each containing a binary compound
of the same type, solid solutions not being formed to an
appreciable extent.  As regards the system Pb—=Sn, Vegesack,
working with somewhat rapid cooling, did not detect the
formation of the solid solution which undoubtedly exists ; but
this error does not noticeably alter the form of the liquidus
surface.

The results are shown in Fig. 34, the upper diagram in
which represents in elevation the space-model, and the lower
the projection of the liquidus on the basal plane. The two
compounds, Mg,Sn and Mg,Pb, form solid solutions with one
another, the solutions forming two series with a small gap, that
is, belonging to the Type IV. (p. 53). A vertical section
along the line ab therefore represents a binary system of pre-
cisely the same type as the cadmium amalgams (p. 55). The
width of the gap between the two solid solutions is, however,
increased by the addition of lead or tin to the alloy, so that,
near the eutectic line 4/ the a crystals may be regarded
without serious error as pure MgSn, and the 8 crystals as
pure Mg,Pb, A section on the line aPb will then show a
freezing-point curve corresponding with a simple eutectiferous
series, the two components of which are Mg,Sn and Pb. The
arrest corresponding with the eutectic solidification will occur
at constant temperature, and will have a maximum duration at
the composition f. Fig. 35 represents the sections on @4 and
aPb respectively, with the arrest time-concentration curves
dotted. In the second diagram the atomic percentages of lead
only are indicated on the line of abscisse. Since the starting-
point on the left-hand side is the point @, representing the
compound Mg,Sn, the tin and magnesium are in the constant
atomic ratio 1:2 throughout, and may be calculated with
ease.!

At the ternary eutectic point % (Fig. 34), three solid
phases, Sn, Pb, and a crystals (practically pure Mg,Sn), are in

! In the second diagram, the dotted curve is somewhat idealized.
Owing to the rapid rate of cooling, Vegesack did not obtain complete
equilibrium, and his eutectic linc vanished before reaching the limit of the
diagram,






TERNARY SYSTEMS 79

equilibrium with the liquid. There should be two other invariant
points in the ternary system, corresponding with the equilibrium
of Mg, a, and B, and with that of a, 8, and Pb respectively.
These points are, however, found to coincide with the binary
eutectic points Z and ¢ respectively, thus introducing a certain
simplification into the diagram. Only one ternary eutectic
mixture is therefore formed.

It will be sufficient to examine the process of solidification

HMyg Mgsn

c
~ }‘Igzpb
b MQZSn +liquid

f_Pb

a a+p A =

0

: 100 100
Mot °/oM32Pb, AtomoPb

Fi16. 35.—Sections through the model (Fig. 34).

in two cases. Consider first a point lying somewhat to the left
of the line @Pb in the triangular projection (Fig. 34). An alloy
of this composition will, on cooling, deposit crystals of the
a solution, which will continually adjust their composition to
maintain equilibrium with the liquid, until, when the line 4f is
approached, they consist, as mentioned above, of practically
pure Mg,Sn. When a point on /4f is reaclied, crystals of lead
begin to separate, a binary eutectic of lead and Mg,Sn being
thus formed. The temperature continues to fall, as indicated
by the arrow-head, until the point % is reached, when the
whole of the mother-liquor solidifies at constant temperature as
the ternary eutectic,
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If, on the other hand, the point representing the compo-
sition of the alloy lies between the lines @b and aPb, the first
crystals deposited are, as before, the a solution; but the line
dee, when intersected, is not a eutectic line, but one of trans-
formation. When it is reached, the a crystals react with the
mother-liquor, according to the equation

o + liquid 2> 8

With the progressive formation of B crystals, the temperature
falls towards ¢, at which a third solid phase appears, namely
lead, and the remaining liquid solidifies at constant tempera-
ture. The behaviour of any other alloy of the series may be
predicted by similar reasoning.

Quaternary systems are represented graphically by means
of a regular tetrahedron, of which the four component ternary
systems occupy the faces. The methods of constructing such
a figure, and of representing the results of thermal analysis in
space or on a series of plane sections are discussed by
N. Parravano and G. Sirovich,! and J. M. Bell.2

A simple case, in which a quaternary eutectic is formed,
is presented by the alloys of lead, tin, bismuth, and cadmium.’

Y Atti, R. Accad. Lincel, 1911 [v] 20, ii, 206, 331, 412,

2 . Physical Chem., 1911, 15, 580.

3 N. Parravano and G. Sirovich, Gazzetta, 1912, 42, 1, 630. References
to other systems are given in the Appendix.



CHAPTER V

THERMAL EQUILIBRIUM OF METALS WHICH ARE ONLY
PARTIALLY MISCIBLE IN THE LIQUID STATE

AL the alloys hitherto considered have been assumed to melt
to a homogeneous liquid. This is, however, by no means a
universal condition. Whilst many pairs of liquid metals
resemble alcohol and water, mixing in all proportions to form
a single liquid phase, others behave like water and ether, the
mixtures, within certain limits of concentration and temperature,
separating into two immiscible liquid phases. All degrees of
miscibility, from the practically complete mutual insolubility of
water and mercury to complete miscibility, are observed.
Amongst metals, certain pairs, such as lead and aluminium,
behave, at temperatures only slightly above their melting-
points, like mercury and water, separating into two layers,
each of which consists of one of the metals in a practically
pure state. A more common case is that in which each metal
shows a certain limited power of dissolving the other, so that
the two liquid layers consist of dilute solution of A in B, and
of Bin A respectively. Complete immiscibility cannot be said
strictly to occur, the apparent instances of such a condition
being regarded as cases in which the reciprocal solubility of the
two components is very small.

This last statement will be understood after a consideration
of the effect of temperature on the equilibrium of partially
miscible liquid phases. Whilst the reciprocal solubility of two
liquids may either increase or decrease with rise of tempera-
ture,! only the former case has been observed in alloys, and it

} See A. Findlay, Z%e Phase Rule, 99.
ERAE 81 ]
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is, according to our knowledge of the general properties of
metals, exceedingly improbable that the reverse condition
should ever present itself. As the temperature rises, then,
the liquid layer in which A is in excess becomes increas-
ingly richer in B, and conversely, the layer in which B
is in excess becomes increasingly richer in A, that is, the
compositions of the two layers tend to become more nearly
equal. This points to the existence of an upper limit of
temperature, at which the two liquid phases would become
identical in composition, resulting in the formation of a single
homogeneous liquid. Such a eritical solution temperature
probably exists in all cases of partial miscibility, although its
experimental realization is a matter of extreme difficulty, owing
partly to the fact that many of the metals forming alloys of this
type are volatile, so that the boiling-point is reached below the
critical temperature, and partly to the difficulty of observing
the formation of layers directly, owing to the absence of trans-
parency. For these reasons, the critical phenomena in liquid
alloys have been very little studied, although the increase of
reciprocal solubility with rising temperature has been noticed
in several cases. The few measurements which exist! are
more or less inaccurate, owing to imperfect separation of the
two layers. When the alloys are rapidly cooled and analysed
after solidification, time is often afforded for a change in com.
position to take place, whilst attempts to separate the still liquid
alloys by means of a pipette often fail through the tendency of
the heavier alloy to remain suspended in globules in the lighter
layer.

If we consider two metals, the miscibility of which at a
temperature slightly above the melting-point of the less fusible
metal is so small as to escape observation, the process of
freezing of any mixture of the two will be a very simple one.
The freezing-point of each metal will be entirely unaffected by
the presence of the other, and will thus be the same, whatever
be the composition of the mixture taken. The whole of the

1 W, Spring and L. Romanoff, Ze'tsch. anorg. Chem., 1896, 13, 29

(lead-zinc and zinc-bismuth, critical temperatures determined); C. R.
Alder Wright, Proe, Roy. Soc., 1891, 49, 156 (bismuth-zinc),
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less fusible metal thus crystallizes at its normal freezing-point,
after which the temperature falls to the freezing-point of the
second metal. This may be represented in a diagram as in
Fig. 36, and does not call for further remark.

If the two metals have 2 distinctly measurable miscibility in
the molten state, the diagram will, in the simplest case, take
the form shown in Fig. 37. The freezing-point of A will be
depressed by the addition of small quantities of B; and con-

Liguid

B + liguid

A+ B

F1G. 36.—Completely immiscible liquids,

versely, that of B will be depressed by the addition of A. The
eutectic temperature will probably lie near to the freezing-point
of the more fusible metal, as at C; and in fact, in the observed
cases of alloys belonging to this type, the eutectic point usually
lies so near to the end of the series as to be practically indis-
tinguishable from the freezing-point of the pure metal. Thus,
in the alloys of copper and lead (Fig. 38'), the freezing-point
of lead is only lowered to the extent of 1°17° the eutectic
mixture containing only o0°06 per cent. of copper.*

1 C. T. Heycock and F. H. Neville, P%il. Trans., 1897, 1894, 25,
* Trans. Chem. Soc., 1892, 61, 838,
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From Fig. 37, in which the assumption is made that both
metals crystallize in a pure state, neither compounds nor solid
solutions being formed, it will be seen that liquid alloys rich
in B will first deposit crystals of B, the temperature falling as
indicated by the curve BE. This continues until the liquid
reaches the temperature and concentration represented by the
point E, at which the freezing-point curve intersects the misci-
bility curve, shown as a dotted line. At this point the mother-
liquor, if it continued to deposit crystals. of B, would attain a

[ )
di e\ Liguid|B
" Liquid a \\
squi + liquid 8
LEgsry oy \ / |+ tiguiass
,'a B
D=l E
Fs I :
B+tliguida 7
A
A+
liquid

F16. 37.—Partial miscibility.

composition represented by a point lying somewhere between
D and E. The diagram shows, however, that all such points
lie within the region of immiscibility, and the result of the
crystallization must therefore be the formation of a second
liquid phase having the composition of the alloy D. There
are thus three phases in contact with one another, namely,
the solid metal B and the two liquid phases D and E. The
system is consequently invariant, and the further crystallization
must take place at constant temperature. This is the meaning
of the horizontal line DE As crystallization proceeds, the
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mean composition of the part of alloy remaining liquid is
represented by a point travelling along this line from E to
D, until D is reached, and the liquid alloy E disappears.
There are now only two phases present, and any further with-
drawal of heat has the effect of lowering the temperature, the
metal B now crystallizing from a homogeneous liquid along
the branch DC until the eutectic point C is reached, after which

Yo Cu by
o wergh
e 10 20 30 40 50 60 705090100
II . = i 1084°
: wo ligquids [l
10001 Ligquid I ; u
900 957°
800
700
Cu + lquid
600
£a0
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Pb 326°
300
200 Pb+ Cu
100 v v =
4 10 20 30 40 50 60 70 80 90 100,
Atom. Yo
Cu

Fi1c. 38.—Copper and lead.

the process continues in a perfectly normal fashion. On the
individual cooling-curves of alloys of this system, the formation
of the second liquid phase is marked by a horizontal portion,
exactly resembling the arrest due to the solidification of a
eutectic.  Microscopical examination, however, generally
suffices to distinguish the two cases. The maximum duration
of this arrest will be shown by the alloy having exactly the
composition of E, and the duration will become zero for the
alloy having the composition D, as indicated by the curve DfL.
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If the liquid alloy has originally a composition between D
and E, the separation into two layers takes place before the
crystallization of solid metal begins. As crystals of B separate
from the liquid alloy E, a larger quantity of the conjugate alloy
D is formed, and this process continues until the whole of E
has disappeared. The curve of miscibility, DZ¢E, has not been
represented as closed, as the maximum, the temperature, that
is to say, at which the composition of the two liquid phases
becomes identical, is in general so high as to be unrealizable
under the conditions of the experiment, and to represent the
branches Dd and Ee as meeting at a critical point within the
limits of the diagram would therefore be misleading. In most
of the alloys of this type hitherto observed, also, the branch DC
is very steep, so that the amount of the metal B crystallizing
during the fall of temperature from that of the horizontal DE
to that of the eutectic point is usually very small, and the
arrest on the cooling curve is correspondingly difficult to
measure,

It is not necessary to enter minutely into the nature of the
modifications which it is necessary to make in such a diagram
in order to embrace the cases in which either solid solutions
or inter-metallic compounds are formed. A comparison of the
diagrams already discussed will render the construction of such
a complex diagram for any particular case an easy matter.
The form of the equilibrium diagrams and arrest curves in
sueh cases has been treated of by Tammann! A single
example, the sodium-cadmium series,? is represented in Fig. 39.
Two compounds are formed, giving rise to maxima in the
freezing-point curve, and there is a small region of partial
miscibility between the compound Cd,Na and sodium. The
formula of the second compound is doubtful ; it may prove to
be CdgNa instead of Cd;Na, as represented in the diagram.

Y Zeitsch. anorg. Chem., 1905, 47, 289.
2 C. H. Mathewson, #id., 1906. 60, 171 : N. S. Kurnakoff and A. N,
Kusnetzoff, iid., 1907, 52, 175
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TERNARY SYSTEMS IN WHICH A REGION OF PARTIAL
MISCIBILITY OCCURS

The formation of immiscible liquid phases assumes its
chief practical importance in systems composed of three
metals. For the study of such systems, we make use of
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Fi1c. 39.—Cadmium and sodium.

the triangular diagram already explained and employed in
Chapter IV. to express the results of the thermal analysis of
ternary systems.

When, to a mixture of two metals, such as molten lead
and zinc, a small quantity of a third metal is added, the
mutual solubility of the two original metals is changed. For
instance, if the added metal is tin, the’ solubility of lead in
zinc, and of zinc in lead, will be increased by the addition,
and at the same time both liquid layers will be found to
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contain tin. The result is that the two layeré approach more
nearly to equality of composition as the quantity of tin is
increased, until finally a point is reached at which the two
liquid alloys become identical, and a single homogeneous
liquid phase is formed. If we now construct a triangular diagram
showing the composition of the liquid phases at some given
temperature, we obtain a result such as that shown in Fig. 40,!
which represents the results obtained with mixtures of lead,
zinc, and tin at 650°. A mixture, the original composition of
which is expressed by a point falling within the curved

Sn

F1G. 40.—TIsothermal of tin, lead, and zinc at 650°,

boundary, as at P, separates into two liquid layers, the
composition of which at 650° is represented by Q and R
respectively. The alloys Q and R are then comugate alloys.
The line joining them must pass through P, and was called
by Stokes a fie-line or tie. As the proportion of tin is increased,
the ties become shorter, finally vanishing at the point L. At
this point the two liquid phases become identical in composi-
tion, and the mixture becomes homogeneous. We thus see
that all points in the triangle lying outside the curve HQLRK
represent homogeneous liquid alloys ; whilst points within this
curve represent alloys which, at the given temperature, can

1 C. R. Alder Wright, C. Thompson, and J. T. Leon, Proc. Rgy. Soc.,
1891, 49, 174.
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only exist in the form of two co-existent liquid phases. The
curve separating the two regions is the ¢riZical curve, and points
falling within it represent what are termed by Alder Wright /deal
alloys.

The diagram in Fig. 40 is an isothermal diagram, that is,
it represents the state of things at a certain constant tempera-
ture, in this case 650° If we construct similar triangular
diagrams for a number of different temperatures, we shall find
that the area enclosed by the critical curve diminishes with
increase of temperature, in accordance with the increase of
mutual solubility of two liquid phases when heated. At a
sufficiently high temperature it would vanish entirely, and all
mixtures of the three metals, whatever their relative pro-
portions, would form a homogeneous liquid. In the space-
model of the ternary system, the critical surface will thus be
closed above, and the highest point of the surface will
evidently be the critical point of the binary system which
yields immiscible liquid phases, in this case lead-zinc. So
far, no such case has been experimentally studied among
alloys.!

In accordance with the doctrine of phases, the composition
of two conjugate alloys should be independent of their relative
quantity. Consequently, if we take equal weights of mixtures
containing lead and zinc in the proportions 2:1, 1:1,
and 1:2 respectively, and add the same quantity of tin to
each mixture, we should obtain liquid layers having the same
composition in each case, and only differing in their relative
quantity, This was shown by Stokes, in the paper referred to,
to be a necessary consequence of the principle of equilibrium
involved. The results of Wright, Thompson, and Leon show
that this result is not fully realized in practice, The reason
lies in the experimental difficulties of the investigation. Very
thorough stirring is necessary in order that the two liquid
layers may come into contact sufficiently to ensure equilibrium,
especially when, as in the case of lead and zinc, the two liquid

! For the graphical representation of such a system, with examples

from organic mixtures, see P, A. Meerburg, Zzitsch. physikal. Chem., 1902,
40, 641.
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metals differ widely in density. Further, when equilibrium has
once been attained at a definite temperature, and sufficient
time has been allowed to elapse for complete separation of the
two layers to take place, the withdrawal of samples of those
layers for analysis presents some difficulty, since, as the alloy
cools, a readjustment of the equilibrium takes place. In the
investigations mentioned above, the alloys were cooled rapidly,
samples being taken from the solidified upper and lower layers
after complete cooling, it being assumed that no marked
change of composition had taken place in the short period of
cooling. It is probable that this assumption is not justified,!
and in future investigations it is desirable that samples should
be taken at the temperature of the experiment by means of
suitable pipettes.?

An equilibrium of this kind may be looked at from another
point of view. We may require to consider, instead of the
influence of a third metal in altering the mutual solubilities of
two others, the proportion in which the third metal is dis-
tributed between the two others: In the case already men-
tioned, tin dissolves in both the lead layer and the zinc layer.
The ratio of the concentrations of tin in the upper and the
lower layer may be called the partition-coefficient of tin between
lead and zinc. The concentration of tin in the two liquid
phases is not usually the same, and the tie-lines are therefore
not, in general, parallel to the base of the triangle ; the critical
curve is consequently more or less asymmetrical. The experi-
mental data at present available are very scanty, and are quite
insufficient to allow us to calculate the partition-coefficient with
any approach to accuracy. The coefficient will be affected by
the formation of compounds between the added metal and
either of the original, partially miscible metals.

An interesting case of this kind, which has been studied in
detail on account of its technical importance, is presented by
the alloys of lead, zinc, and silver. Silver mixes in all pro-
portions in the liquid state with either lead or zinc, forming

! W. D. Bancroft, ¥. Physical Chem., 1899, 8, 217.
* G. N. Potdar, ¥. Coll. Sci. 7okys, 1608, 25, ix.
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compounds, however, with the latter,® whilst yielding only a
simple eutectiferous series with the former (p. 31). In the
ternary system, the distribution is very unequal, the silver
passing almost completely into the zinc at temperatures not
far above the melting-point. Thus, at 540° the partition-
coefficient is about 300, and 1is fairly independent of the
concentration.? This fact is the basis of Parkes’s process for
the desilverization of lead, which was first devised by Karsten
in 1842, but only brought into practical use some years later,
The argentiferous lead is melted, and small quantities of zinc
are added and thoroughly mixed by stirring. When cooled to
the freezing-point of the layer rich in zinc, a solid scum
separates, and, being lighter than lead, accumulates at the
surface, and is readily removed. The silver-content of the
residual lead may be reduced in this way to o"0oo3 per cent.,
whilst the upper layer contains as much as 25 per cent.
of silver. This indicates a very high partition-coefficient
near 400°,

As an example of a ternary system which has been more
fully worked out, we may take the alloys of silver, lead and
copper? The space-model is illustrated in elevation and in
projection on the base in Fig. 41, the divisions of which
represent atomic percentages. The diagrams of the three
binary systems have been given previously (silver-lead, Fig. 8;
silver-copper, Fig. 23; copper-lead, Fig. 38). The freezing-
point surface of the ternary system is seen in the lower part of
the figure to be made up of three surfaces, one of which,
however, representing the separation of pure lead, is of very
small area compared with the two others. The crystals
separating on the surface I. consist of a solid solution of
silver in copper. The alloys within the small area bounded

' G. J. Petrenko, Zeitsch. anorg. Chem., 1906, 48, 347.

*G. N. Potdar, ¥. Coll. Sci. Tokys, 1908, 25, ix. Earlier measure-
ments were made by C. R. Alder Wright and C. Thompson, Proc. Roy.
Soc., 1890, 48, 25. Potdar’s results indicate a much higher coefficient
than those of Wright and Thompson. The equilibrium diagram of the
ternary system has been determined by R. Kremann and F. Hofmeier,
Monatsk., 1911, 82, 563, 597.

? K. Friedrich and A. Leroux, Metallurgie, 1907, 4, 293.
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by a dotted line in the neighbourhood of Cu have a second
arrest during cooling, due to the separation of the mother-liquor
into two layers, and consequent crystallization of copper-silver
crystals at a constant temperature. The fact that the dotted
curve extends so little into the triangle is a proof that the
presence of silver greatly increases the miscibility of copper
and lead. Within the area I. many of the alloys must begin
their crystallization at a constant temperature, owing to the
formation of two liquid layers, but it was not determined how
far this extends into the triangle. Marked liquation was
observed in many of the alloys after cooling.

The solid solution II. contains silver with both copper and
lead. The dotted curve in the neighbourhood of Ag represents
the approximate limit of saturation of this solution. The line
DE is the boundary between the solid phases I. and II., and
along it the binary eutectic separates. The third area,
FEGPb, is that of crystallization of lead. It is separated
from the areas of I. and IL respectively by the binary eutectic
lines FE and EG, meeting in the ternary eutectic point E, the
co-ordinates of which are

Ag 38 )
Cu 1'6 | atomic per cent. Temp. = 302°5°
Pb 946 |

The form of the diagram therefore resembles that of the
lead-tin-bismuth series in having three slooping eutectic valleys
meeting at a ternary eutectic point, only in this example the
point of intersection lies very near to the angle of the triangle.






CHAPTER VI
PRACTICAL PYROMETRY AND THERMAL ANALYSIS

THE apparatus required for the practical conduct of a thermal
analysis comprises (1) a means of heating and cooling the
alloy under examination, and (z) a means of measuring the
temperature of the alloy from time to time. Both these
requirements may be met in a great variety of ways, many
types of furnaces, and also of pyrometers, having been designed
and employed in investigations of this kind. Only such forms
will be described here as have shown their utility in practice.

FURNACES

A furnace intended for use in metallographic work must
fulfil certain conditions, which greatly restrict the number of
suitable types. The most important of these conditions are—

1. The distribution of temperature in the interior of the
furnace must be sufficiently uniform to ensure that all parts
of the specimén under examination are sensibly equal in
temperature,

2. The temperature of the interior must be capable of
continuous variation throughout a considerable range, and it
must be possible to make the rate of cooling (or in certain
cases of heating) so slow that time is allowed for the attain-
ment of sensible equilibrium in the alloy.

3. It should be possible to heat the alloy out of contact
with gases capable of acting on it chemically or of dissolving
in it to a notable extent.

Gas and electric current are the only sources of heat which
are sufficiently under the control of the experimenter to come
into consideration for such a purpose. When larger quantities

: 93
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of alloys have to be prepared, however, it is more convenient
and economical to heat the crucible in a wind furnace fed with
coke, the product being either poured in a molten state into
smaller crucibles, or cast into ingots, which are subsequently
divided by sawing or breaking.

A gas furnace for metallography should be heated by means
of Bunsen burners, the horizontal burners with gauze or grid
generally proving unsatisfactory after they
have been in use for some time. A
large, solid flame of uniform temperature
is desirable, and this is only given by
the best forms of Bunsen burner. The
most suitable burner for the purpose,
especially when a temperature as high
as the melting-point of copper is re-
quired, is the Méker burner, shown in
Fig. 42. The burner is of brass, with
very large holes for the admission of air,
so that the air supply is sufficient for
complete combustion. Firing back is
prevented by a deep nickel grid, the
openings of which form a series of tubes
2 mm. square and 10 mm. deep. The
large solid flame is of practically uniform
temperature throughout, there being no
inner cone of cooler gases as in the
ordinary Bunsen flame. The furnace
shown is intended for melting small quantities, it being
possible to melt copper in a short time. Cooling is too
rapid for the taking of satisfactory cooling curves, and further
provision against excessive loss of heat by radiation must be
made. The simplest contrivance for this purpose is composed
of two concentric cylinders of asbestos card, surrounding the
burner and crucible, the space between the two cylinders
being filled with fine sand or magnesia. A lid, made of several
thicknesses of asbestos card, and provided with a central hole’
for the passage of the thermo-coup'e, is placed over the
cylinder as soon as the alloy is melted. Such a simple

Fi16. 42. — Méker
crucible furnace.
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arrangement is quite satisfactory when a determination of the
freezing-point is all that is required. A double cylindrical
jacket of polished sheet copper, forming a water-jacket, allows
of uniform cooling by radiation. For higher temperatures the
Fletcher concentric jet furnaces may be used, the blast being
supplied by a rotatory blower.

The additional convenience afforded by electric furnaces
is, however, so great that this form is to be preferred wherever
electric current is available, Of the types of electric furnace
which occur in commerce, neither the arc nor the induction
furnace is suitable for metallographic work, and the forms of
apparatus to be described all depend on the heating effect of
a current passing through a resistance. The resistance employed
may be—

1. A helix of metallic wire or foil, wound on a non-
conducting tube ;

2, A tube of conducting material, through which a heavy
current of low voltage is short-circuited ;

3. A mass of granulated material of comparatively low
conductivity, loosely packed between terminal blocks of metal
or carbon.

4. A rigid helix of conducting carbon.

The majority of laboratory furnaces are of the first type.
In the older patterns, a helix of platinum wire was wound on a
porcelain tube. This had the disadvantage that the wire, if
thin enough to use current at the ordinary voltage, quickly
burnt out, whilst at high temperatures the porcelain was liable
to disintegrate and crack, owing to the very local character -
of the heating. This difficulty is overcome in the Heraeus
furnace by using a ribbon of thin platinum foil in place of wire.
The temperature of the foil is never greatly different from that
of the tube, and local overheating is avoided. The helix
should be wound so closely that adjacent turns are separated
by the shortest possible distance, and they are kept in place by
an asbestos ribbon. The tube and foil are enclosed in a thick
insulating layer of magnesia, and an outer casing of asbestos
bound together by metal bands. The external appearance of
such a furnace, adapted for use in a horizontal or vertical
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position, is shown in Fig. 43. When used vertically, the
crucible is supported at a suitable height on a column of
porcelain or fireclay, a cap being placed over the top of the
tube to hinder the production of air-currents. When used
horizontally, as in annealing, it is desirable to close the ends
with mica windows.

A platinum resistance furnace of this type may be heated
for a short time to 1300-1400° Continued heating at the

F16. 43.—Platinum resistance furnace.

latter temperature causes destruction of the tube; it is there-
fore inadvisable to use this pattern of furnace for temperatures
above 1200°. Tubes of alundum, prepared from pure alumina,
are very suitable for high temperatures. For lower tempera-
tures, fused silica tubes may be used instead of porcelain, but
silica becomes a conductor at about 1000°. A variable
resistance should be used in series with the furnace, and the
life of the heating tube and helix is considerably prolonged if
care is taken to raise the temperature gradually. An ampere-
meter is generally inserted in the circuit for convenience in
regulating the current, On a 220-volt supply, a furnace of
T.P.C. H
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this kind requires from 6 to 14 amperes, according to ths
temperature.

For alloys of fairly low melting-point, and for annealing
purposes, it is possible to work with a less expensive heating
material than platinum. Nickel wire, wound on unglazed
porcelain and packed in quartz, has been found useful up to
1000%! Nickel wire, however, gradually disintegrates in use,
owing to the escape of dissolved gases.? Much better results
are obtained with an alloy of nickel ¢ nichrome,” which has the
further advantage of a very low temperature-coefficient,

When heating curves are to be determined, the current
should be taken from a storage battery, as the fluctuations of
voltage in a lighting or power circuit, whether direct or alter-
nating current, are often considerable.

The second type of furnace, in which the resistance is
formed by a tube enclosing the heating-space, is mainly em-
ployed for very high temperatures, above those at which the
ordinary pattern of furnace can be used. It has the dis-
advantage that it cannot be worked by means of the ordinary
supply of current, but requires a transformer. Two materials
have been employed for the construction of the tubes, namely,
carbon and iridium. Of these, iridium has the drawbacks of
high cost and volatility. With an iridium tube 120 mm. long,
197 mm, in diameter, and o4 mm. thick, protected by a fire-
clay cylinder, the temperature may be raised to 1600° in 30
seconds, using a current of goo-1000 amperes at 3 volts,’

Carbon tubes, which may be employed instead of the costly
iridium, have the disadvantage of forming carbon monoxide in
contact with air, which it is practically impossible to exclude.
This gas may in some instances affect the results seriously, as it
is readily dissolved by many metals. The risk is minimized by
the passage of a current of nitrogen during the experiment,

A somewhat original modification of the tube resistance

'V 1. Harker, Piil. Trans., 1904, 2034, 343.

* H. C. H. Carpenter, Coll. Researches Nat. Phys. Lab., 1908, 3,
259.

® K. Friedrich, Metallurgie, 1908, 5, 703. See also W, C, Heraeus,
Zeitsch. angew, Chem., 19c5, 18, 49.
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furnace was designed and employed in work at very high
temperatures, exceeding the melting-point of platinum.! The
tube in this apparatus was constructed of the Nernst mass used
in electrolytic filament lamps, composed of a mixture of rare
earths. Such a mass, whilst non-conducting at the ordinary
temperature, conducts electricity when raised to a red heat,
the conductivity then increasing as the temperature rises. A
metallic balancing resistance is therefore necessary. The
heating tube is enclosed in an outer tube of porcelain or fire-
clay which serves as a support, the intervening space being
packed with pure zirconia. The porcelain tube is wound
externally with nickel wire, by means of which the preliminary
heating is effected.

In the third type of furnace, the resisting material has a
granular form. The substance employed may be carbon or
a mixture of carbon, carborundum, and silicates.? A furnace
of this kind, for use at temperatures of 800-1000° is illustrated
in Fig. 44> The material is packed in a cylindrical space
between the two concentric fireclay cylinders @ and 4, current
being led in by carbon poles through the two spaces ¢ and 4,
filled with granules. These chambers are so wide that the
temperature is not greatly raised. f is the crucible. The
cylinders @ and 4, and the fireclay wedge g, are removable, as
they are liable to crack in repeated use. In the pattern shown,
there is also a channel, packed with granules, in the removable
lid, in order to maintain a uniform temperature. The lid is
furnished with an opening, £, for the passage of the thermo-
couple. Such a furnace may be used on a 220-volt circuit.
The same author describes (/. ¢i2.) a furnace for high tempera-
tures (1500°), in which the heating space is a narrow channel
in a mass of Meissen fire-resisting material.

Granular resistances have the marked disadvantage that
inequalities in the packing are difficult to avoid, leading to

! J. A. Harker, Proc. Roy. Soc., 1905, T6A, 235.

* A. Buss, Zeitsch, angew. Chem., 1903, 18, 239.

* K. Friedrich, Metallurgie, 1907, 4, 778. See also F. Mattonet,
Metallurgie, 1908, 5, 186 ; Deckert, bid., 638,
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local inequalities of temperature, which often result in the
cracking of crucibles, etc. At high temperatures arcs are
liable to form between granules which are not in contact.
After repeated use, also, the granular material shakes down
into closer packing, with the result that the temperature
attainable falls. These furnaces have found greater favour
on the Continent than in this country. The efficiency of
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F16. 44.—Furnace for granular heating material,

this type has been systematically examined by H. Harkort,!
who finds that granulated carbon may be used in place of
complex material, and that the finer the grandlation, the higher
the resistance. The furnace found by him to give the best
results up to 1700° has the construction shown in Fig. 43.
The carbon is packed between two carbon blocks, ¢, @, in a
cylindrical space formed by the hard fireclay cylinder 4 and

Y Metallurgie, 1907, 4, 617,
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the mass of compressed kaoline, . -The oute padking’ i
composed of kieselguhr, held in place by an firon” casing.’
The carbon blocks are only in
contact with the granulated a
carbon for the lower half of
their length, the upper part
being embedded in kaolin,
The carbon packing is con-
tinued above this point, in
order to form a reducing layer,
at a lower temperature than the
main mass. A double fireclay
lid is used. The consumption.
of current is about 70 amptres
on a 110-volt circuit.

Whatever construction of fur-
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must be taken against loss of 439 ‘% N\
heat by conduction and radia- /§\E% ;ﬁ §/
tion. The furnace should be /\?&. R
enclosed in an outer non-con- %\\\\\\\\‘ -C
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ducting double casing, which W /

may be conveniently built up Fic: 45— Geanylar carbon
of asbestos card, the space e

being filled with magnesia or

kieselguhr. The plan has also been adopted of enclosing
the whole furnace in a large water jacket, in order to
eliminate irregularities in the temperature of the environ-
ment.!

In taking a cooling curve, it is usual to shut off the current
when the alloy has reached a temperature sufficiently above
its melting-point, and then to allow cooling to take place by
radiation. This method has been modified in some recent
work on fused salts,® and there are some advantages to be

! 'W. Rosenhain, ¥. fnst. Metals, 1909, 1, 245.

2 W. Plato, Zeilsch. physikal. Chem., 1906, 55, 721. A similar
arrangement, liquid resistances being used to reduce the current, has been
employed by A. Portevin, Rev. de Métallurgie, 1908, 5, 295.
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“Anticipaied from' an zpplication of the improved method to
metallography. Instead of stopping the supply of current
instantly, Plato adopts the plan of reducing the current in a
continuous manner from the maximum value to zero, by means
of a wire resistance wound on a porcelain cylinder, which is
slowly rotated by a motor. This device gives a cooling curve
which is almost a straight line.

A simpler and more efficient device consists of a vertical
tube furnace, the upper part of which only is wound with a
heating coil, which is maintained at a constant temperature.
With a tube 6o cm. long, wound only for a length of 12 cm. at
the upper end, the whole being enclosed in a porous magnesia
covering, a regular temperature gradient is found to exist in
the tube, when the conditions have become constant. Instead,
therefore, of allowing the furnace to cool down, as in the usual
way of working, the specimen is lowered at a uniform rate
through the furnace. This is done by suspending the metal,
if a solid, or the crucible if a molten metal is being examined,
from a fine wire which is lowered by a clockwork arrangement
provided with a governor, or by a heavy plunger descending
in an oil cylinder. The thermo-couple must be attached to
the specimen and move with it. ‘The rate of cooling is readily
varied within wide limits by simply varying the speed of
descent of the specimen.! The cooling curve of a substance
which does not undergo any transformations within the range
of the experiment is practically a straight line in such a furnace.

Provision should always be made, by means of fireclay or
porcelain plugs with inlet and outlet tubes, for the passage of
a current of gas during melting and cooling, in order to prevent
oxidation. Nitrogen is the most generally suitable gas for
this purpose, but if taken from a cylinder, it should be passed
through a vessel containing sticks of phosphorus, or through
a tube containing heated copper, in order to remove the
oxygen which is always present. The use of nitrogen is, of
course, excluded when metals capable of forming nitrides, such
as magnesium, are present. Hydrogen may also be used, and,

1 'W. Rosenhain, ¥. Zust. Metals, 1915, 13, 160,
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in certain cases, carbon dioxide. The last-named gas is
decomposed by magnesium. The current of gas is led in by
a tube of Jena glass or Marquardt porcelain, acecording to the
temperature required, the tube terminating just above the level
of the alloy. Volatile metals, such as zinc, arsenic, or cadmium,
may pass through the porcelain walls of a furnace in the form
of vapour, and may attack the platinum used as a heating
material. Manganese is particularly difficult to deal with at
high temperatures for this reason, as its vapour readily passes
through a wall of Marquardt porcelain.® It is necessary there-
fore to shield the porcelain by means of an inner iron tube
wrapped with asbestos.

It is of great advantage to have a ready means of heating
and melting alloys in a vacuum, since no gas is absolutely
undissolved by molten metals. An electric vacuum furnace
has been successfully employed in the investigation of electro-
Iytic iron, from which it was necessary to remove occluded
gases.® This furnace is illustrated in Fig. 46. The heating
device is a carbon helix, constructed by cutting a helical slit
in a tube of hard carbon, 300 mm. long and 40 mm. internal
diameter, the thickness of the tube being 6'5 mm. and the
width of each turn 11 mm. This helix stands in a wider
carbon tube, from which it is insulated by porcelain collars.
Both tubes fit into a brass cylindrical vessel, to which glass
flanged ends are luted, the current being led in by wires
passing through glass side arms. The crucible is supported
on a carbon tube, carried by an iron rod. The brass vessel
can be exhausted, and is contained in an outer metallic vessel
serving as a water-jacket.?

1 F. Wiist, Metallurgie, 1909, 6, 3.

* A. Miiller, Metallurgie, 1909, 6, 145. A simpler form of this
furnace was used by P. Oberhoffer (:6:4., 1907, 4, 427), in an investigation
of the specific heat of iron.

3 Other forms of vacuum furnace are described by W. J. Forsythe,
Astrophys. ¥., 1911, 34, 353 : and by J. C. W. Humfrey, Jron and Stee!
Carnegie Schol. Mem., 1912, 4, 80; the latter being a very simple
form, A very efficient vacuum furnace, now largely used, is described by
W. C. Arsem, Trans. Amer. Electrockem. Soc., 1906, 9, 153.
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CRUCIBLES

For work at moderate temperatures, either fireclay or
plumbago crucibles may be conveniently used, the latter con-
sisting of a mixture of graphite and fireclay, which resists
changes of temperature, and is free from porosity. Jena glass
tubes have been used extensively by some workers, and are

Cole _Warer
Jacket

Brass
| Vessel

epeiein BTG

Outepr
4-carbon
tube

. 1|_Porcelain
collar

F16. 46.—Electric vacuum furnace with carbon spiral.

convenient when working with amalgams. They are, however,
necessarily of small capacity, and it must be emphasized that
cooling curves, taken with a quantity of only 10 grams or so
of alloy, are worthless for the construction of the thermal
diagram. A quantity of at least 1oo grams is required in
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order that trustworthy results may be obtained, and crucibles
of this capacity should be used as far as possible. Fireclay
cannot be used at very high temperatures on account of its
softening, and it is further readily attacked by the layers of
slag formed by the oxidation of many metals, especially lead
and manganese, whilst the presence of reducing metals, such
as aluminium or calcium, in the alloy to be melted, leads to
the reduction of silicates, and the introduction of silicon as an
impurity into the alloy. Carbon crucibles, turned from a
block of artificial graphite, are often very convenient. Carbon
is, however, taken up by metals of the iron group, whilst the
presence of oxygen, which cannot be completely excluded
from ordinary furnaces, leads to the formation of carbon
monoxide, which is dissolved by many molten metals.

Hard porcelain, as made at the Berlin or Meissen works,
is a very useful material. Like fireclay, it is attacked by
those metals and slags which act chemically on silicates.
Magnesia crucibles, made from magnesia fired at a very high
temperature, are perhaps the most generally applicable to
alloys of high melting-point. They are somewhat fragile, and
require careful handling when hot. They are, moreover,
porous to certain metals, copper passing through them quite
readily.

A fireclay or plumbago crucible may be made more
resistant by brasquing, that is, by lining with a more resistant
material. Graphite or retort carbon, mixed to a stiff paste
with sugar syrup or tar, makes a good carbon lining ; whilst
fused and ground magnesia, mixed with a little magnesium
chloride solution, may be used as a lining for many purposes.

The Berlin Porcelain Manufactory now manufactures
crucibles of spinell mass (MgO,A),0;), which is impervious
to carbon monoxide, and may be heated safely to 1700°
Mixtures of kaolin and alumina, in the proportions to form
sillimanite, Al;0,Si0,, make very refractory crucibles, and
may be cast in a plaster mould. Alumina, especially in the
pure form known as alundum, has also been used as a material
for crucibles. Like magnesia, alundum is highly porous. Car-
borundum and other materials, including the very resistant
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pure zirconia, have been tried in technical practice but have
not yet come into general use in laboratories.!

When an indifferent atmosphere is not employed, and air
is admitted to the furnace, it is generally necessary to cover
the surface of the alloy with a protecting layer. Pure sugar
charcoal or wood charcoal may be used at low temperatures,
graphite at very high temperatures. Carbon will not, however,
protect zinc or magnesium from oxidation, and its presence
must be avoided when metals capable of combining with it,
such as iron or nickel, are being melted. The following salts
are suitable for use as a protecting layer: borax (m.-p. 741°),
sodium chloride (m.-p. 801° volatile at its melting-point),
anhydrous carnallite (KCl,MgCl,, m.p. c. 450°), potassium
cyanide (m.-p. 622°), barium chloride (m.-p. 950°).

PREPARATION OF ALLOYS

Alloys are generally prepared by fusing together their com-
ponents. When these are readily fusible, the operation presents
no difficulty, as it is sufficient to introduce the weighed metals
into a crucible and to heat until molten, when the mass is
thoroughly stirred to ensure complete admixture. It is not
possible to alloy metals of very different melting-points in this
way. If zincand copper are heated together, the zinc is mostly
lost by volatilization and oxidation before the melting-point of
the copper is reached. In such a case the copper should be
melted first, and the zinc added to it. The zinc should be in
coarse pieces, and should be immediately pushed under the
surface of the copper, the mass being stirred with a fireclay
or carbon rod after each addition. As the first fragments of
zinc are added, the high temperature of the molten copper
causes some volatilization of zinc, and a white flame is produced,
white flakes of zinc oxide being formed. As the temperature
of the alloy is lowered by successive additions of zinc, the

1 The properties of heat-resisting materials intended for exposure to
high temperatures have been studied by L. Baraduc-Muller, Rev. d¢
Métallurgie, 1909, 6, 700 ; S. Wologdine, 75id., 767. See also a valuable
series of papers in Zrans. Faraday Soc., 1917, 12.
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“flaring” becomes less marked. The loss of zinc, amounting
to about 2 per cent. when making up an alloy of 6o per cent.
Cu and 4o per cent. Zn on a small scale, must be allowed for
in weighing out the quantities of metal to be used.

Aluminium should be added in the same way as zinc, as if
melted alone it becomes covered with a thin, but very tenacious,
layer of aluminium oxide, which coats any solid metal on its
introduction and thus prevents alloying. When aluminium is
added to molten copper, a great rise in temperature is observed,
the alloy often becoming white-hot, in spite of the cooling due
to the introduction of the cold metal. This is not due, as
was once supposed, to the heat of combination of copper and
aluminium, but to combination of a part of the aluminium
with the oxygen which is always present in commercial copper,
and a further quantity of which is absorbed from the air by
the copper during melting. This activity of aluminium in re-
moving oxygen from copper is often made use of in preparing
copper alloys. The presence of oxygen in these alloys is un-
desirable, as the metals added form oxides which remain
entangled in the molten mass, diminish its fluidity, and cause
heterogeneity in the ingot.! The addition of aluminium brings
about the reduction of other oxides, and the formation of
aluminium oxide, which separates from the alloy with greater
facility. Magnesium is used in a similar manner. Phosphorus
and silicon, which are excellent deoxidizers, are commonly
added in the form of alloys with copper or some other con-
stituent of the alloy to be prepared. Thus phosphorus is
added in the form of 10 per cent. phosphor-copper, a com-
mercial product, 1 per cent. of which, equivalent to o'r per
cent. of phosphorus, is usually sufficient to deoxidize copper
under ordinary conditions. The quantity added should be
sufficient to remove the whole of the oxygen, leaving none,
or at most a trace, of the deoxidizer in the final product.
Iron and its alloys are frequently deoxidized with ferro-silicon.

! E. Heyn and O. Bauer, Zeitsck. anorg. Chem., 1905, 45, 52, have
investigated the influence of oxygen on the alloys of copper and tin. The
stannic oxide crystals formed separate with difficulty from the molten
alloys,
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Alloys with arsenic are troublesome to prepare, on account
of the great volatility of this element, but by employing an
electric furnace with carbon tube resistance, and heating very
rapidly to a high temperature, alloys with platinum containing
from 27 to 283 per cent. of arsenic have been prepared.! It
is generally preferable to make a rich alloy of the metal in
question with arsenic, and to dilute this by melting with
successive larger quantities of the second component. Alloys
containing arsenic, selenium, or tellurium are conveniently
prepared in porcelain tubes provided with a constricted neck,
which may be sealed in the oxy-hydrogen flame. A tube is sealed
in to receive the thermo-couple.’ In the study of the phos-
phides of tin it has been found a satisfactory plan to enclose
the components in a sealed glass tube and to seal the couple
enclosed in a very thin glass sheath to the wall of the tube.?

The preparation of a rich alloy, which is subsequently
melted with further quantities of one of its components, is a
convenient means of avoiding loss by oxidation and burning,
as the dilution with the second metal commonly takes place
by quiet fusion. Rich alloys of aluminium or zinc with copper
may be prepared and analysed, and by adding the calculated
quantity of copper other alloys of- the series may be accurately
prepared. A ternary alloy of copper, nickel, and zinc, known
as German silver, is thus prepared by melting together alloys
of copper and nickel, and copper and zinc.

Metal. Boiling-point. Metal. Boiling point.
Mercury . . 3357° Aluminium . 1800°
Cadmium , . 780° Manganese . 1900°
Zine I s 920° Silver . . . 1955°
Magnesiumi. . 1120° Chromium . 2200°
Bismuth . . 1420° WIS Fol o 1o 2270°
Antimony . . 1440° Coppexi | .1 - 2310°
Lead . . . 1525° D i 5, © 2450°

‘The relative volatility of some of the principal metals may

1 K. Friedrich and A. Leroux, Metallurgie, 1908, 6, 148,
* W. Heike, [ntern. Zeitsch, Metallographie, 1913, 4, 143.
3 A. C. Vivian, ¥. Inst. Metals, 1920, 28, 325.
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be seen in the table on p. 108, which gives the boiling-points
under atmospheric pressure.?

Arsenic sublimes without melting. Its sublimation tempera-
ture under atmospheric pressure is in the neighbourhood of 450°.

The metals iron, chromium, manganese, tungsten, moly-
bdenum, vanadium, etc., and their alloys, if prepared by re-
duction in the laboratory, form powders which it is difficult
to fuse together into a coherent mass. Reduction by the
electric arc yields massive metals and alloys, but these always
contain considerable quantities of carbon derived from the
electrodes. Commercial ferro-silicon and ferro-manganese
contain carbon for this reason, and their use in preparing
alloys necessarily results in the introduction of this element,
the presence of which modifies the equilibrium considerably.
The great reducing power of aluminium at high temperatures
has been utilized in what is known as the Thermit process to
produce metals and alloys free from carbon.? The metallic
oxide, or mixture of oxides if an alloy is to be prepared, is
ground and mixed with the necessary quantity of aluminium
for complete reduction and introduced into a crucible. The
reduction proceeds with great development of heat, and it is
only necessary to produce a local elevation of temperature to
initiate the reaction. This is accomplished by means of a
small quantity of a mixture of fine aluminium powder and
barium peroxide, which is placed in a heap on the surface of
the thermit mixture, and ignited with a piece of magnesium
ribbon or of thread impregnated with potassium nitrate. The
reaction begins immediately, and propagates itself very rapidly
through the mass, so that a few seconds suffice to bring the
whole contents of the crucible to a white-hot molten state.
The metal or alloy may be poured into a mould, the liquid
slag, which consists of fused alumina, being collected separately.
The products usually contain some aluminium, but a high
degree of purity may be attained. Alloys of aluminium are

! The values for the less volatile metals were obtained by means of an
optical pyrometer ; H. C. Greenwood, .Proc. Roy. Soc., 1909, 824, 396.

* H. Goldschmidt, dnnalen, 1898, 801, 19 ; Physikal, Zeilsch., 1902,
4, 166, ;
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readily prepared by employing an excess of the reducing
metal. Alloys containing copper and other more fusible
metals may also be prepared ; but the reaction in such cases
is violent and even explosive, owing to the evolution of
metallic vapour, so that the reacting substances should be
mixed with alumina or other inert material.

Calcium, silicon, and magnesium have also been employed
in the thermit reaction, but can only find application in
exceptional cases.!

The metallographist often has occasion to prepare castings
of alloys for the purpose of examining their physical properties.
Cast-iron moulds, divided longitudinally and held together
by a clamp, are useful for this purpose. The inner surfaces
should be rubbed with graphite and the mould warmed before
use. Simple sand moulds are easily prepared, a smooth
wooden rod being used as the pattern around which the
moulding sand is rammed. A sufficient head of metal must
be allowed, so that gas bubbles, etc., will collect in the upper
part of the rod, which is cut off and rejected. A short length
at the lower end should also be rejected, as it is liable to
contain sand swept down by the first rush of metal into the
mould. To guard against errors due to segregation in the
ingot, a small piece should be cut from the upper and also
from the lower end of the rod for microscopical examination
and chemical analysis. Oxidisable alloys of low melting point
may be cast into rods by drawing into glass tubes previously
warmed and coated with carbon from a smoky flame, A filter
pump may be used for suction.

Although alloys are generally prepared by fusion, there
‘are many other ways in which they may be produced. The
‘“ cementation” of iron, its conversion into steel by heating in
solid carbon or carbonaceous matter, or in carburizing gases,
will receive consideration in dealing with the process of diffu-
sion. A similar process may be applied to other metals.
Thus iron and copper may be coated with zinc by heating in

1 F, M. Perkin, Zrans, Faraday Soc., 1907, 8, 115; F. M, Perkin
and L, Pratt, sbd., 179.
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zinc dust at a temperature of only 200°%!a true alloy being
produced at the surface. The electrolytic deposition of metals
from mixed electrolytes also results in the production of .
alloys,? and this process finds technical application. Amalgams
may be prepared by the electrolysis of a salt of the required
metal, using a mercury cathode. A continuously acting
apparatus has been devised for this purpose

PYROMETERS*

Of the many types of instrument employed for the measure-
ment of temperature, very few are suitable for the accurate
determination of freezing- and transformation-points in metal-
lography. Mercurial thermometers are only available for those
amalgams which are liquid at or near the ordinary temperature,
and perhaps for isolated experiments on fusible alloys melting
at or near 100°. Thermometers baving the stem above the
mercury column filled with nitrogen or carbon dioxide under
pressure, are obtainable with graduations up to 450°; their
employment at such temperatures, however, is very unsatis-
factory, owing to the uncertain character of the permanent
deformations produced in the glass bulb.

The available types of pyrometer, excluding the mercury
thermometer, are three in number, namely, the thermo-electric
couple, the electrical resistance pyrometer, and the radiation
pyrometer. Of these, the first is by far the most important,
from the great range of temperature over which it may be
used, and the sensitiveness which may be imparted to it by a
suitable disposition of the electrical parts. It depends on the
measurement of the thermo-electric difference of potential
produced when a junction of two dissimilar metal wires is
heated or cooled, the other junctions being maintained at some
constant temperature. In practice, the two wires forming the
couple are welded together to form the hot junction, the cold

! S. Cowper-Coles, Electro-Chemist and Metallurgist, 1903, 8, 828,

2 F. Mylius and O. Fromm, Ber., 1894, 27, 630; L. Kahlenberg,
El ctro-chem. Ind.;1903, 1, 201 ; S. Field, Zrans. Faraday Soc.,1909, 5,172.

3 W. Kerp, Zeitsck. anorg. Chem., 1898, 17, 284.

4 A full account of high temperature pyrometry is given by G. K.
Burgess and H. Le Chatelier, 74e Measurement of High Temperatures,
New York, 1912.
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junctions being the points at which the ends of the coup'e
wires are joined to the galvanometer leads.

The metals used for thermo-couples are principally those of
the platinum group. Other couples, such as those of iron and
constantan or copper and constantan, develop a higher thermo-
electromotive force, but their use is restricted to low tempera-
tures. For measurements at high temperatures, it is necessary
that the metals forming the couple should be highly infusible,
and should also be unaffected by hot air. In both the couples
in general use, one wire is of pure platinum, the other being an
alloy of go per cent. platinum and 10 per cent. rhodium, or of
go per cent. platinum and 1o per cent. iridium. The former
is the more often used. The Pt-PtIr couple has the higher
E.M.F. at a given temperature, but its use is restricted to
temperatures below 1400° in spite of its infusibility, as iridium
is volatile, and the vapours cause contamination of the second
wire. For such extreme temperatures, optical methods are
generally to be preferred. Whichever couple is used, the
wires should be thoroughly annealed before any measurements
are taken, and re-annealing at a high temperature is also
desirable when a couple has been long in use, as the pure
platinum wire readily absorbs gases.

Of base-metal couples, suitable for use at moderate tempera-
tures, the most useful are copper-constantan and a couple
composed of one nickel wire and one of an alloy of go per cent.
nickel and 10 per cent. chromium.

The E.M.F. of a thermo-couple is not proportional to the
temperature. Accurate comparisons of couples with the gas
thermometer have been made,! and it has been found that the
relation is most conveniently given in the form

E=a+4 10 + &
in which E is the E.M.F. in microvolts, 6 is the temperature
and a, 4, and ¢ are constants. A logarithmic formula, of the
form

log E=alog 6+ 5
is applicable over a somewhat wider range.

! L. Holborn and A. L. Day, Amer. . Sci., 1899, [iv.] 8, 165; J. A.
Harker, Pkil, Trans., 1904, 2034, 343.
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In practice, however, the temperature is best found from
the E.M.F. by a graphical construction. If the couple is pro-
vided with a certificate, a table of the observed E.M.F.’s at a
number of different temperatures is there given, and it is also
desirable to make some determinations of the freezing-points of
pure metals. The fixed datum-marks thus obtained are used
for the construction of a curve, from which the temperature
corresponding with a given reading is obtained with ease. It
must be remembered that extrapolation beyond the highest
point actually determined is attended with great uncertainty,
and the equations expressing the relation between E and 6
become less and less trustworthy as the temperature increases.

The above formule are based on the assumption that the
cold junctions, that is, the points at which the wires of the
couple make contact with the leads, are at o°. This condition
is not always convenient in practice, and for ordinary purposes
it is better to use a water-bath at a constant temperature in the
neighbourhood of 15°% The arrangement shown in Fig. 47 is
suitable for this purpose, the junctions being enclosed in glass
tubes closed with paraffined corks, immersed in a water-bath
provided with a thermometer. A correction has to be made
for the temperature of the cold junctions. Supposing this to
be 15° it is necessary to add a correction, amounting to 13°3°
when the hot junction is at 100°% 11°4° at 200°, 8:8° at 400°,
diminishing to 7'5° at goo°. Intermediate values may be found
by interpolation,

When accurate measurements are being made, the necessity
of applying a correction is avoided by filling the outer vessel
in Fig. 47 with broken ice, so that the cold junctions are kept
constantly at o°. The ice may be conveniently enclosed in a
Dewar vacuum flask, in which case it will last for a day or
two without renewal. ;

The wires constituting the couple should be o6 mm. thick
and 6o-100 cm. long, in order that the cold junctions may be
at a safe distance from the furnace. To insulate one wire from
the other, it is enclosed in a capillary tube, which may be of
quartz or of porcelain, or, for very high temperatures, of mag-
nesia, whilst the whole is enclosed in an outer protecting tube,

T.P.C, L
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as described above.
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Outside the furnace, the wires are

separated by being threaded through doubly bored fireclay
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F1G. 47.— Cold junction,

rods about 6 cm. in length, which
may be obtained from the dealers
who supply the thermo-couples.
The attachment to the galvano-
meter leads is made by means
of small double binding screws.
The leads themselves are of in-
sulated copper wire.

In the simplest method of
measuring the thermo-electro-
motive force developed by the
couple, the leads are connected
directly with a galvanometer,
such as a Siemens and Halske
millivoltmeter, on the scale of
which 1° C. = o'ooor volt, at
1000°%, a platinum platinum-rho-

dium couple being used. Such instruments are often provided
with a scale graduated directly in temperatures, but the readings
should be carefully calibrated from time to time by determining

the freezing-points of pure metals.

The following freezing-

points are in common use for calibration :—*

Metal.  [Atmosphere. | Freezing-point. Metal. Atmosphere. | Freezing-point.
Tin Air 232° Cobalt .| Hydrogen| 1489'8-+20°
Cadmium 5 320°+0°3° |Palladium Air 1549-232°0°
Lead . 5 327°4°40°4"| Platinum. 9 175245°
Zinc . 3 418°240°3° 5 (optical) | 175545°
Antimony | Carbon 629°21+0°5°

monoxide
Aluminium ok 658°04-0°6°] Mineral. —_ Melting-point.
Silver. » 960°0=0'7° Ly
Gold . 55 1062°4+0°8°
Copper . ~ 1082°640'8°} Li,Si0, . — 1201£1°
Nickel Hydrogen| 1452°3242°0° | Anorthite — 1549°5-£20°

! The figures are mostly taken from A. L. Day and R. B. Sosman,
Carnegie Inst. Publ., 1911, No. 157,
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together with the boiling-points of water (100°) and sulphur
(444'7°). The freezing-points of silver and copper are much
lower in presence of air.

The accuracy of the millivoltmeter type of instrument is
not very high. It is suitable for measuring annealing tempera-
tures or for determining freezing-points when very high accuracy
is not required, but it is not satisfactory as a means of investi-
gating a series of alloys. The accuracy may be largely increased
by the use of a suspended coil instrument with mirror, the
readings of the spot of light reflected on a scale being taken.
It is not worth while, however, to increase the sensitiveness
of the galvanometer very greatly, as the direct method of
measurement is subject to certain errors, depending on the
change of resistance of the couple itself with temperature,
which limit its accuracy.

The thermo-couple may be made self-recording, either by
causing the spot of light to fall on a sheet of sensitized paper
wound on a drum rotated by clockwork, as in the well-known
recording instrument of Roberts-Austen,' or by means of a
mechanism depressing an inked thread against paper at regular
intervals.®

For greater accuracy, the E.M.F. should not be read
directly, but should be balanced against that of a standard
cell, a potentiometer being used to effect the balance. A
special construction of the potentiometer is required, the
E.M.F. to be measured being very small, whilst it is essential
that readings should be taken in rapid succession. A null
method does not provide the required rapidity of manipulation,
and the device, due to Stansfield,® of compensating the greater

! Fifth Rep. Alloys Research Committee, 1899.

% It is difficult to ensure a perfectly steady motion of the photographic
or other paper, hence it has also been proposed to use a stationary photo-
graphic plate, the image being displaced by a mirror moved at a uniform
rate (S. Wologdine, Rev. de Métallurgie, 1907, 4, 552).

3 A. Stansfield, Pi#. Mag., 1898, [v.] 46, 50. Another form of this
installation, arranged for photographic recording, has been extensively
used for metallographic purposes by the Russian investigators. See N. S.
Kurnakoff, Zeitsch. anorg. Chem., 1904, 42, 184. See also W, P. White,
Phys. Rev., 1907, 25, 334.



116 METALLOGRAPHY

part of the E.M.F., leaving a small outstanding part to be
read on a scale in the usual manner, is generally adopted. A
large standard cell or a small secondary battery is used to
produce the balancing E.M.F. and a sensitive Desprez-
D’Arsonval galvanometer is used for reading. The sensitive-
ness may be so chosen that the whole range of the scale, some
6o cm. long, represents only 10° or 15°. When the spot of
light has reached the end of the scale, the resistance of the
potentiometer is altered, so reducing the balancing E.M.F.
and bringing the spot back to the beginning of the scale.
This plan is only suitable for slow cooling, as otherwise the
time required for the oscillations of the galvanometer to die
down may cause the loss of a reading. It is also affected by
zero-creep, to .which all suspended-coil galvanometers are
liable, but with suitable precautions very accurate results may
be obtained by its means.

In the various difference methods,! the difference of
temperature between the specimen under examination and the
furnace is measured at frequent intervals or continuously.
Since the temperature of the furnace is not so readily or so
accurately determined as that of a body enclosed in it, Roberts-
Austen proposed the device of placing a neutral body, such as
a mass of platinum, near to the body under examination and
under the same conditions of temperature as it.2 The neutral
body is one which gives a perfectly regular cooling curve;
it must not, therefore, present any discontinuity of thermal
properties within the range to be observed. Platinum is
obviously the most suitable substance for the purpose, although
nickel may be used successfully for ranges of temperature
which do not include its transformation point. The neutral
body should be as nearly as possible of the same shape and
size as the body investigated, in order that they may cool with

' Commonly called differential methods. Since, however, true
differential methods of plotting, involving the differential coefficient
of a function, are now frequently adopted, it is better to use the
term difference method for one in which differences of temperature are
measured.

* Fifth Report, Alloys Research Committee, 1899.
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equal rapidity. The difference in specific heat of the two
metals causes a departure from uniformity in cooling ; but this
error may be to some extent eliminated in plotting the curves,
as described below.

In Roberts-Austen’s method of working, the two thermo-
couples, placed in holes drilled in the specimen and the neutral
body respectively, are connected so that the E.M.F.’s produced
tend to neutralize each other, that is, the platinum wires of the
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F1G. 48.—Potentiometer and difference method.

two couples are connected together, the other wires being
connected with the galvanometer. So long as the bodies are
cooling at the same rate, the galvanometer does not indicate
the passage of any current; but any development of heat,
caused by a polymorphic change in the specimen, gives rise
to a difference of temperature (6-0,) between the two bodies,
so that the galvanometer coil is deflected. The temperature
§ of the specimen is observed at the same time, either by a
separate thermo-couple, or by the shunting of one couple
through a second galvanometer. The former arrangement is
more suitable for accurate work, and is illustrated diagram-
matically in Fig. 48.!

The specimen S and the neutral body N are contained in the
cylindrical electric resistance furnace A, The thermo-couple
B is connected directly with the potentiometer, whilst the
two couples C and D are so connected that their platinum-

! H. C. H. Carpenter and B. F. E. Keeling, ¥. Jron Steel Inst., 1904,
i. 224.
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rhodium wires are joined, and their platinum wires lead to the
galvanometer G;, the deflections of which measure 6§-4;.
K,, K, and K, are cold junctions, maintained at o°. The
balancing E.M.F. is furnished by the accumulator P, and is
checked from time to time by means of the standard cells Q,
of 1’019 volts each. R, and R, are resistance boxes, of which
R, can be used for balancing Q against P until the deflection
of the galvanometer G; becomes zero, R, having the resistance
1019 ohms, The potentiometer consists of four sets of nine
coils each, arranged in two rows, and connection may be made

F =
) Uk, = .—_-H ----------- P
S 7T s 72 s ! 1
c = J I P :
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L 2 Tl R R iy K B ____________
A 2 I
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Fi1G6. 49.—Saladin’s difference method.

between them at any two points by the plugs E and F. The
coils in the left-hand half are of 2 ohms each, and those in the
right-hand half of the potentiometer o'z ohm each. Each
o'z ohm between E and F then corresponds with about 400
microvolts. The thermo-couple being connected by the key,
balance is found to the nearest 400 microvolts, and the out-
standing E.M.F. is read off by means of the galvanometer G,
which is a sensitive suspended coil instrument, with mirror,
giving a deflection on the scale of 8 mm. for 1° so that very
small changes in 6—0, may be read off.

The reading of the time is eliminated altogether in the
ingenious recording method of Saladin,! by which 6-0, is
plotted directly against §. The photographic plate on which
the record is made is stationary, and the beam of light is
reflected by the mirrors of both galvanometers. The arrange-
ment is shown in its most useful form in Fig. 49. The

V Assoc. intern. Mithodes & Essais, February, 1903, described by II.
Le Chatelier, Rev. de Métallurgie, 1904, 1, 134.
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specimen, neutral body and thermo-couples are arranged as
before, and their lettering corresponds with that of Fig. 48.
The two galvanometers, G, and G,, are placed side by side on
a common base, rendered as free from vibration as possible by-
layers of lead and felt. A beam of light from the Nernst lamp
H, issuing through a narrow slit, passes through the colour-
filter F, and is rendered parallel by the lens L, before falling
on to the mirror of the sensitive galvanometer G, the deflec-
tions of which are proportional to 68, These deflections
are naturally in a horizontal plane. The reflected beam now
enters a totally-reflecting prism P, inclined at an angle of 45°
The horizontal displacements of the ray are in this way con-
verted into vertical displacements before reaching the second
galvanometer, G, which measures the temperature, 6. The
mirror of G, must be of sufficient height to receive the reflected
ray from G; at its maximum displacement. The beam of
light leaving G; has now a double motion impressed on it, a
vertical one due to G; and a horizontal one due to G,. It is
focussed by the lens L, on to the plate J, where it records
itself as a fine curve, the ordinates of which are the values of
§—6, and the absciss® those of . If a record of the time is
also required, this may be effected, as proposed by Le Chatelier,
by interposing a toothed wheel (a disc of cardboard into the
edge of which pins are fastened at regular intervals) in the
path of the ray between H and L,. This wheel is rotated by
the mechanism of a small clock, and produces short interrup-
tions in the curve at definite intervals of time,

It is necessary that G, should be free from zero-creep,
which gives rise to errors in the temperature at which the
development of heat occurs. The same apparatus has been
used for recording temperature-time curves with a single
thermo-couple,! This is connected with G, whilst the deflec-
tions of G, are made proportional to the time, a cell being
connected with the galvanometer through a very high resist-
ance (10,000 ohms). This circuit is divided, one branch
including the galvanometer, whilst the other includes a fine
platinum wire dipping into mercury. By means of a regulating

' H. Harkort, Metallurgie, 1907, 4, 639.
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water-flow, the level of the mercury can be progressively
altered, thus varying the resistance of the circuit, and causing
a continuous displacement of the galvanometer mirror.

In the electrical resistance pyrometer, advantage is taken
of the change of resistance of a platinum wire with tempera-
ture.! This method of pyrometry is admirably adapted to work
of great precision, since very minute differences of temperature
may be determined by its means. It is, however, less suited
to the work of thermal analysis than the thermo-couple, on
account of the greater difficulty of reading, and also of the com-
paratively large mass of the thermometer portion of the instru-
ment, which renders it difficult to follow rapid fluctuations of
temperatures. The method is interesting as having been em-
ployed by Heycock and Neville in their investigations of the
freezing-points of metals and alloys, undoubtedly the most
accurate series of measurements of this kind ever made.? The
end portions of the freezing-point curves, which are of great
importance as giving information as to the molecular condition
of alloyed metals, were, in particular, determined by these
investigators with great precision.

In the original form of instrument the platinum wire is
wound on a mica frame enclosed in a porcelain tube. Ina
later form the wire is wound on a quartz rod, which is then
slipped into a thin quartz tube, the latter being finally fused on
to the rod, so embedding the wire in quartz. This gives a very
narrow bulb, occupying little more space than a thermo-couple.
The resistance is measured by a Wheatstone bridge arrange-
ment, which may be made selfregistering. The resistance
pyrometer is very useful for the determination of the trans-
formation temperatures of steel, when a large mass, of several
kilogrammes, may be employed, the instrument being con-
nected with a Callendar recorder.

Several forms of optical and radiation pyrometers have
been employed for work at very high temperatures. None of
these are suitable for the determination of cooling curves, but

a I:I L. Callendar, P4il. Trans., 1887, 1784, 161 ; H, L. Callendar
and E. H. Griffiths, #5:d., 1891, 1824, 119.
* C. T, Heycock and F. H. Neville, Z77ans. Ckem. Soc., 1895, 67, 160,
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they find application in metallography in the measurement of
melting-points of substances fusible with difficulty, and in the
determination of furnace temperatures in quenching experi-
ments, etc. The optical pyrometer depends on the comparison
of the light emitted by the specimen with that from a standard
source, only rays of a particular wave-length being selected for
comparison. In the Holborn-Kurlbaum instrument ! an electric
glow-lamp is used as the standard source, the current passing
through it being adjusted until the image of the filament just
disappears on the field illuminated by the radiating body, a
red glass being interposed to select a certain group of radia-
tions. With the cuprous oxide glass used by Holborn, the
radiations transmitted have their centre at A = 0°643x. The
relation between the current passing through the filament and
the temperature, assuming the emitting object to have the
properties of a black body, is given by a parabolic formula.
The intensity I of the monochromatic radiation varies with the
temperature, according to Wien’s law—
[3
I = CA-% AT

where T is the absolute temperature, and C and ¢ are constants,
Very high temperatures may be measured by using a tungsten
or other metallic filament as the standard source. The instru-
ment is readily calibrated by observing a series of melting-
points of pure metals.

In the Wanner pyrometer, which is extensively used in
metallurgical laboratories, coloured glasses are avoided, and
the lamp is run on a constant current., The beams of light
from the object and the standard lamp are decomposed by
a direct vision prism, and brought together in a photometer.
One or the other is weakened by turning a pair of polarizing
prisms until the intensities are equal. The Cambridge optical
pyrometer is constructed on this principle, but a coloured disc
replaces the prism.

The Holborn-Kurlbaum pyrometer has been utilized for

! L. Holborn and F. Kurlbaum, A#n. Physik., 1903, [iv.] 10 225; L.
Holborn and S. Valentiner, #44., 1907, [iv.] 22, 1.
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the determination of melting-points of metals belonging
to the iron group.! A blackened brass cylinder was used,
enclosing an electrically heated strip of thin platinum, on
which the fragments of metal could be placed. The vessel
was filled with hydrogen to prevent oxidation. The pyrometer
was directed on to the platinum, and the temperature read at
the moment of fusion. Two corrections were necessary, one
depending on the selective emission of the platinum for the
ray selected, A = 0'66x, and the other on the loss of light by
reflection and absorption in passing through the mica window
provided for observation.

The melting-points found by this method—namely, iron,
1505° ; chromium, 1489°; cobalt, 1464°; nickel, 1435°; man-
ganese, 1207°—are in good agreement with the freezing-points
found by other observers.

The Féry radiation pyrometer measures the heat radiation,
which is related to the temperature by the Stefan-Boltzmann
law, according to which

E = 4(T* = Ty

E being the energy radiated, T the absolute temperature of the
body, T, that of the surroundings, and % a constant.

The instrument is set up like a telescope at some distance
from the heated object. The tube contains a concave mirror,
by means of which the radiations are focussed on to a small
thermo-couple, the E.M.F. of which is read by a galvanometer
in the usual way. The temperature readings obtained are,
within certain limits, independent of the distance of the
pyrometer from the object. It is only necessary that the
object should be near enough for its image to overlap the small
thermo-couple. If this condition is fulfilled, moving the pyro-
meter towards the object enlarges the image, but the part of it
that falls on the couple is of the same size as before.

Radiation pyrometers only give the correct temperature if
the emissive power of the object is that of a black body.
This is not often the case, but *effectively black ” radiations

1 G. K. Burgess, Bull, Burean Standards, Washington, 1907, 3, 345.
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are emitted by surfaces in the interior of a uniformly heated
space, so that the inner wall of a muffle, etc.,, may be con-
sidered as having the emissive power of a black body. When
taking the temperature of a furnace, it is advisable to insert a
fireclay tube, closed at one end, in the furnace, the opening
facing stowards the pyrometer, which is arranged to form an
image of the closed end of the tube. This gives very closely
the true temperature of the furnace. ’

The radiation pyrometer is useless for measuring tempera-
tures if flames or heated vapours having high absorptive power
intervene between it and the object, and the same objection
applies, although not quite in the same degree, to the various
forms of optical pyrometer. The advantage of these pyro-
meters in dealing with very high temperatures is that the
radiation increases very rapidly with the temperature, namely,
in proportion to the fourth power of the latter, and very small
differences of temperature are therefore measurable. Further,
the radiation equations used in their calibration are in close
agreement with the gas scale throughout the whole observed
range, and extrapolation may therefore be resorted to with
confidence.!

THE CooLiNG CURVE

The simplest form of cooling curve is that illustrated in
Chapters II. and III., in which the temperature of the mass is
directly plotted against the time? In its construction, the
readings of the galvanometer are taken every 10 or 15 secs.,
and utilized directly for the construction of the curve. This
method is adapted to the measurement of freezing-points, but
not to that of changes taking place in the solidified mass, on
account of its comparative insensitiveness, Curves of this
type are referred to as *direct” cooling curves. Whilst they
indicate, with an accuracy dependent on that of the galvano-

! On optical and radiation pyrometry, see L. Holborn, Brit. Assoc.
Rep., 1907, Leicester, 440 ; C. Féry, #bid., 442 ; C. W. Waidner and G.
K. Burgess, Bull. Burean Standards, 1904, 1, 189.

? Frankenheim, Ann. Physik., 1836, [ii.] 39, 376 ; F. S. Schaffgotsch,
ibid., 1857, 102, 293,
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meter, the temperature at which each change of state takes
place, and the range over which each development of heat
continues, they only give a rough idea of the magnitude of the
development, and a quantitative interpretation of the curve is
impossible. This is due to the fact that the rate of cooling is
not uniform, being different at the beginning and at the end of
the change of state. Direct cooling curves may, however,
be so modified as to yield quantitative information, by the
employment of an electric furnace, the temperature of which is
diminished at a uniform rate by the gradual increase of resist-
ance in the external circuit, or by the passage of the specimen
through a furnace in which a uniform temperature gradient
xists. The means of effecting this have been described cn
p. 102, and the nature of the curves obtained may now be
discussed.

A perfectly inert body cooled in this way at a sufficiently
slow rate, will at each moment have the same temperature as
the furnace, and the readings of a thermo-couple in contact
with it, plotted as a temperature-time diagram, will give a
straight line (af in Fig. 50). If a molten metal is cooling at a
sufficiently slow rate, the difference in the specific heats of the
liquid and solid will be without influence on the form of the
cooling curve, as the temperature of the metal will in both
cases be that of the furnace, @b and ¢f will therefore remain in
the same straight line. If freezing begins at 4, the heat liberated
during crystallization causes the cooling curve of the metal to
assume the form dede.  The portion of the curve &¢ is not quite
horizontal, but falls somewhat, the deviation being greatest
with substances of low thermal conductivity. The portion e .
is also rounded off slightly. The area included between &cde
and the straight line &¢ is proportional to the heat liberated
during freezing.! This area may be measured by means of
the planimeter. '

The measurement of this area provides a means of deter-
mining the latent heat of fusion, a quantity which is required
to be known when discussing the interpretation of the freezing-

1 W. Plato, Zeitsch. pZ)'rikaI. Chem., 1906, 65, 721 ; 1907, 58, 350 ;
1908, 63, 447.
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point curve, It is necessary to know the latent heat of one
substance, and a comparison of the cooling curves of this
substance and of the one under investigation, other conditions
being the same, enables the latent heat of the latter to be cal-
culated. For the method of calculation, reference must be
made to the original papers. The method has only been
applied hitherto to salts, and the latent heats of fusion deter-
mined by its means are in good agreement with those measured
calorimetrically; it is therefore to be expected that it will
prove of considerable value in the study of metallic alloys.
In Fig. 51, the types of curves obtained in Plato’s furnace from
a mixture depositing crystals of a solid solution (&), and of an
alloy depositing crystals of a pure component, followed by

F1c. §9.—Cooling curve. Fi1G. 51,

solidification of the eutectic (3), are shown. The exact form
of the arrests is clearly more easily distinguished than in
curves obtained in a furnace which is cooling freely by
radiation,

When the change under observation is not the freezing of
a liquid, but the transformation of one solid phase into another,
the liberation of heat is generally neither so great nor so in-
stantaneous, and the indications on the time-temperature curve
become uncertain and difficult to interpret. They are brought
out more clearly by the device of plotting “inverse-rate” curves,
in which the temperatures are taken as ordinates, and the in-
verse rates of cooling (times taken for the temperature. to fail
through a definite small amount) as abscissee. Denoting
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temperature by 0 and time by ¢, the “ direct-rate” curves have
as co-ordinates 8 and # whi'st the “inverse-rate” curves have
as co-ordinates 6 and 47/df.! A development of heat appears
on such a curve as a “peak,” the position of which can be
located without difficulty, but on account of the uncertainty as
to the points at which the curve leaves the neutral line and
returns to it, a quantitative interpretation is not feasible. The
“inverse-rate” method is of interest as having been employed
by Osmond in his original work on the allotropy of iron and
its alloys with carbon.? For accurate work, a chronograph is
required to mark seconds on a tape, a key being depressed
each time that the E.M.F.decreases by a fixed amount. In this
way, the time taken by the specimen’ to cool through 1° or a
smaller interval is recorded.® An instrument for plotting
inverse-rate curves directly on a sheet of squared paper has
been devised, and is capable of high accuracy.*

The rate of cooling, 20/d?, may also be plotted against the
temperature, instead of d//46. An apparatus, involving the use
of two thermo-couples, has been devised for this purpose.’

In accurate work on the transformations of solids, however,
one or other of the difference methods is most often adopted,
the temperature of the body under investigation being com-
pared with that of a body cooling without undergoing
polymorphic change of any kind. The curve representing the
development of heat in the transformation of a cooling metal
or alloy has then a very clearly marked character.

The irregularities occurring in difference curves, due to
differences between the specific heats and radiating powers of
the specimen and the neutral body, are largely eliminated in

! The different types of cooling curves are discussed and compared by
G. K. Burgess, Bull. Burcau Standards, 1908, 5, 199; and W. Rosenhain,
Proc. Phys. Soc., 1908, 21, 180.

2 F. Osmond, Mém. Artill, Marine, 1887, 18, §73; F. Iron Steel
Inst., 1890, i. 38; Compt. rend., 1890, 110, 242, 346. The chronozraphic
method of obtaining inverse-rate curves is preferred to the difference
method by J. O. Arnold, /nternat. Zeitsch. Metallographie, 1911, 1, 192,

3 F. Wiist, Metallurgie, 1906, 8, 1.

* W. Rosenhain, §. /nst. Metals, 19135, 13, 160,

¢ P. Dejean, Rev. de Métallurgie, 1905, 2, 701 ; 1906, 3, 149,
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the method of graphical representation due to Rosenhain
(Joc. cit), in which the co-ordinates are 6 and 4(6 — 6,)/49,
that is, the slope of the difference curve is taken, and is plotted
against the temperature. Such a curve is called a “derived

©

850
840
&30 B A c D E
820
&8/0
t at -6, A4 176-6,)
a4 44
Temperature-time Inverse rate Difference Derived differen-
curve, curve, curve. tial curve.
Fi1G. 52.
¢ 0 6—0, ¢ 0 0— o,
5 850°0° 8:5° 18 829'0° 11°0°
6 8480 85 19 8250 82
7 8447 75 19'5 8233 73
8 8420 7°0 20 8222 67
9 8395 63 21 8217 77
10 8385 7'0 22 821°5 85
11 8382 88 23 821°3 9'8
12 838°1 10°2 24 8211 10°1
13 8380 12°0 245 819'0 9°'s
14 837°9 13'6 2 8150 60
1 8375 15'5 26 8130 50
1 8360 14°6 27 8116 4'7
17 8330 130

differential ” curve, since the quantity plotted against the
temperature is the differential coefficient of § — 6, with respect
to temperature, that is, it is the slope of the ordinary difference
curve.

The effect of the several methods of plotting is compared



128 METALLOGRAPHY

in Fig, 52. A method of observation similar to that repre-
sented in Fig. 48 being used, the following readings of time,
temperature, and difference of temperature betwecen the two
bodies are obtained ; each unit in # signifying 15 seconds.

In curve A (Fig. 52), the values of 6 are plotted directly
against those of # giving an ordinary cooling curve. Two
developments of heat are indicated, the second one beginning
immediately at the close of the first. The curve B is the cool-
ing curve of a neutral body added for comparison. By reading
off from the curve A the values of # at each successive 1° C.,
and tabulating the differences, we obtain a further series of
numbers, and the differences between successive values then
represent the time taken to cool through 1°, which may be

represented by ZA—g These values may be obtained directly if

a chronograph is used. Plotting these differences against 6, we
obtain the curve C. The difference curve D, constructed by
plotting the values of (6 — 6,) in the table against 6, shows the
developments of heat with great clearness, indicating both the
commencement and the termination., Lastly, the curve E is
obtained by measuring the change of (§ ~ 6) for each 1° change
of 6, or, more strictly, the slope of D at each point, and plotting
these values against 6.

The close resemblance between the curves C and E will be
noticed. In both cases the area of a “peak” is proportional
to the development of heat due to the change in question, but
this fact loses much of its value since the area is very difficult
to determine. It will be seen that, whilst the commencement
of the change is indicated with great sharpness by both of these
curves, the end of the change is hardly to be detected, and the
measurement of the area is consequently difficult to perform.

A method of plotting, giving very well-marked arrests,
suitable for the measurement of arrest times, has been employed
in the study of the ternary alloys of mercury.! Pure mercury,
which remains liquid within the range covered by the experi-
ment, is cooled under the same conditions as the alloy under
investigation. Readings are taken of the time at which the

V E. Jinecke, Zeitsch physital, Chen., 1906, 87, 507 3 1907, 60, 399,
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mercury and the alloy respectively reach certain temperatures,
that is, time readings are taken every 5° or 2°. This necessitates
a very slow rate of cooling, and the co-operation of two
observers. The two sets of readings, plotted separately, give
two curves, of which the mercury curve is smooth, whilst the
alloy curve presents the aspect of an ordinary temperature-
time curve with an arrest. The time readings of the mercury
curve are now subtracted from those of the alloy curve at the
same temperatures, and the differences are plotted against
temperature. In this derived curve, the ordinates are 6, and
the abscisse (# — #4)/A6. Examples of the ordinary curve,
and of the derived curve corresponding with it, are shown in
Fig. 53. The arrest-time is very easily measured on the latter.

N
3 Amalgam
R
)
é Difference
S
Mercury
Time

Fic. §3.—Jinecke’s method of plotting cooling curves.

The dip in the curves at the commencement of freezing is due
to undercooling, as will be explained in Chapter X.

In concluding this chapter, it may be well to add a few
general remarks on the preparation of alloys for thermal
examination. In the first place, it is of the highest importance
that the metals selected as the ingredients of the alloys should
be of the greatest attainable purity. Whilst one or two per
cent. of a foreign metal may be without marked effect on the
general form of the freezing-point curve, if duly allowed for in
plotting the results, this does not justify the use of material
containing such a proportion of impurity, since an element of
uncertainty is thereby introduced, and the effect on other

T.P.C, K
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properties of the alloys may be much more considerable.
Polymorphic changes are sometimes affected to a marked
extent by the presence of small quantities of another element,
especially of a non-metal. Moreover, the determinations of
any physical properties of the alloys are rendered valueless
by such a procedure. Chemical and metallurgical literature
is already unfortunately overburdened with data respecting
physical properties of alloys, the material for which was in
too many cases taken from a laboratory stock without any
previous chemical investigation. In the writer's experience,
elaborate physical researches, involving prolonged and laborious
determinations of a high degree of accuracy, have been con-
ducted with material described as “copper wire,” “zinc in
sticks,” etc., which a chemical analysis would have shown to
be worthless for the purpose.

It is not difficult to procure metals of the requisite degree
of purity, except in a limited and diminishing number of cases.
Putting aside fine gold and silver, the high purity of which is
well known, the demands of the electrician and the engineer
have led to ithe production on the large scale of copper which
approaches the best scientific preparations in its freedom from
all but the minutest traces of impurity. The best qualities of
zinc, tin, antimony, lead, and aluminium are also of a very
satisfactory degree of purity. Iron, either in the form of the
best Swedish wrought iron or of the practically carbonless
steel used for transformer cores, is readily obtainable, and is
more satisfactory than electrolytic iron prepared in the labora-
tory, which is liable to contain impurities derived from the
electrolyte. In fact, it may be said that laboratory preparations
of metals, unless means of working on a fairly large scale
are available, are generally much less satisfactory than the best
commercial products. It is desirable that all raw materials
should be analysed before use.

It is a common practice to assume the composition of the
alloy from the weights of the components taken in its pre-
paration. Should one of these be volatile, as zinc or arsenic,
or readily removed by oxidation during melting, as manganese
or magnesium, an analysis is made of twu or three of the
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alloys after melting, and the loss computed and applied to
the correction of the other alloys of the series. This practice
is to be condemned. Variations in the amount of volatilization
or oxidation are very liable to occur,.and it should be an
invariable -rule that all alloys should be analysed after their
cooling curves have been taken. A complete analysis is not
of course necessary in every case, as if one metal in a binary
alloy be estimated accurately, the quantity of the other may
commonly be determined by difference. A few alloys of each
series should, however, be analysed completely, in order to
detect the absorption of impurities during melting. This is
especially necessary when dealing with alloys of high melting-
point, which are very liable to take up silicon, etc., from the
crucibles in which they are contained or from the tubes used
to protect the thermo-couples.

Before analysing an alloy which has been melted, the mass
removed from the crucible should, if possible, be sawn through
vertically. Any lack of uniformity in composition may generally
be detected in this way. Should the alloy have separated into
two liquid phases, these will be recegnized as two layers in the
solidified mixture, or if stirring has been so vigorous that
separation has not taken place so completely, the one:consti-
tuent may be seen distributed in the form of globules through
the mass, as in rapidly cooled alloys of copper and lead. . When
the crystals which separate at the initial freezing-point are of
lower specific gravity than the mass of the alloy, they float up
to the surface, and cause a corresponding concentration of that
constituent in the upper part of the ingot. Thus, in ternary
alloys of lead, tin, and antimony, the cubical crystals approxi-
mating to the composition SbSn float to the sutface, and are
seen on sawing through the ingot and filing to a flat surface,.
without the necessity of polishing or examining under the
microscope. - Should such a lack of homogeneity be recognized,
it is advisable to re-melt the alloy, and to cool rapidly with
constant stirring. It is better not to trust to making analyses
of the upper and lower portions of the ingot separately and
averaging the results. X
" “The presence of non-metals as well as metals should be
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looked for in the analysis if opportunity for their access to the
alloy has occurred. It seems probable that abnormal results
obtained by some investigators with alloys of manganese are
due to the presence of carbon (see p. 52, footnote), whilst the
same element is no doubt responsible for the fact that whilst
copper and iron are now known to alloy with one another in
all proportions,! they have been described as being immiscible
in the liquid state.® It has in fact been shown by Stead that
iron containing carbon is not miscible with copper.

Lastly, reference should be made to the quantity of alloy
necessary for a satisfactory pyrometric investigation. Most
observers have employed very small quantities, of from 10 to
20 grams, but there are serious objections to such a procedure,
Not only is it difficult to attain a sufficiently slow rate of cooling,
on account of the large surface presented by the alloy in pro-
portion to its weight, but the mass of the thermo-couple and
its protecting tubes bears too large a proportion to that of the
alloy, and small changes in the direction of the cooling
curve may be entirely overlooked. The National Physical
Laboratory, which has set a good example of careful work in
its published investigations, recommends from 120 to 300
grams as a suitable quantity of alloy for determination of
freezing-points. Similarly, Day and Sosman (%, ¢it.) recoms-
mend the use of a mass of metal measuring about 25 mm. in
diameter, and 45 mm. deep. There are, of course, several
difficulties, apart from that of cost of material, involved in
work on so large a scale, which may deter the investigator
who has not the resources of a large laboratory at his disposal.
The large crucibles required are both more costly and more
fragile than those which suffice in dealing with smaller
quantities, and care is required in the selection of fire-resistant
materials for their construction if high temperatures are to be
employed. Larger furnaces are also necessary for heating the

! J. E, Stead, . Zron Steel Inst., 1901, ii. 104 ; H. Wedding and W,
Miiller, Stakl u. Eisen, 1906, 26, 1444 ; R. Sahmen, Zetsch, anorg. Chem.,
1908, 67, &.

2 J. Riley, ¥. Iron Steel Inst., 1890, i. 123; V. O, Pleificr, Metallurgic,
1906, 8, 281,
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alloys. The initial cost of the metals may be minimized by
using the same material for several alloys, removing portions
of the ingot after cooling for analysis and microscopical
examination and re-melting the remainder with a further
quantity of one of the components. Should the alloy be one
which acts chemically on the crucible, or absorbs gases from
the atmosphere of the furnace, such repeated re-melting has
the disadvantage of causing an accumulation of impurities,
which must be looked for on analysis.

Such precautions may appear excessive, but it is important
to insist on their necessity. Determinations of freezing-point
curves, if undertaken at all, should be performed with the
utmost available accuracy. The knowledge of alloys has now
reached a point at which there is no need for more rough
preliminary surveys, especially as the points which are of
the greatest theoretical importance are precisely those which
are most likely to be overlooked in an incomplete investigation.
On the other hand, an extensive field for research is afforded
by the transformations of solid alloys, which are best studied
by the method of difference curves, and for these smaller
quantities, from 20 grams upwards, suffice, owing to the
superior sensitiveness of the method. Metallography, more
than most branches of physical chemistry, has suffered in
the past from the accumulation of inaccurate data, and it is
well that the investigator should take every precaution to avoid
adding to their number.



CHAPTER VII
THE PREPARATION OF MICRO-SECTIONS

THE preparation of thin, transparent sections, such as are
employed in the study of rocks and minerals, is not possible
in the case of metals and alloys, which remain opaque in the
thinnest slices. It is therefore necessary to examine prepared
surfaces by means of reflected light, only a single surface -
of each specimen being as a rule utilized. Whenever the
metal is sufficiently soft to allow of it, the specimen is sawn
to the required size with a hack-saw. With a little practice, it
is not difficult to cut sections of regular form, with parallel
faces, from a piece of metal held in a vice, by means of a
hand-saw. Brasses, bronzes, etc., are more easily sawn than
such tough metals as copper or aluminium, in cutting which
some practice is required to overcome the drag on the teeth
of the saw, Soap solution should be applied to lubricate the
saw and to prevent heating, unless the alloy is of such a com-
position as to be affected chemically by water or alkali, in
which case turpentine may be employed. Electrolytic calcium
may be cut by moistening the saw with alcohol.

A convenient size for micro-sections is from 1o to 15 mm.
square, and from 4 to 7 mm. in thickness. Larger specimens
are not easy to polish uniformly, but it may of course be
necessary sometimes to use larger sections when it is desired
to include the whole of some structure or flaw. Specimens
which are too thick are apt to rock slightly when held in the
hand during grinding and polishing, so that the surfaces
become rounded instead of flat. If too thin, the sections are
liable to ¢ buckle,” so that the centre becomes hollowed, and

134
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escapes polishing. When thin sheet metal is examined, it
should be cemented to a piece of thicker metal to serve as a
support. Cross-sections of wires may be examined either by
drilling a hole in a small block of soft steel, into which the
wire may be fitted tightly by tapping with a hammer, or they
may be embedded in white metal, as described below (p. 143)
for the edges of sections.

When a number of sections have to be cut, or when the
ingots or bars to be sampled are of considerable size, a
mechanical saw is of great assistance. A hack-saw moved
horizontally in guides by means of a crank gives the best
results, the metal to be cut being clamped in a vice, and a
steady load, which may be varied according to the hardness
of the metal, being applied by means of a sliding weight.
Light saws of this kind, adapted to be driven by either hand
or power, are to be found in most metallurgical laboratories.
An automatic trip arrangement throws the saw out of gear
when the specimen is cut through. Soap solution should be
applied to the saw from time to time with a brush.

Care must be taken to ensure that the micro-section is
representative of the metal under examination. When there
is any doubt as to the homogeneity of the mass, sections
should be cut from both the outer and inner portions. Much
useful information is often obtained by cutting serial sections,
representing the change of structure on proceeding from the
surface to the centre of an ingot or of a forging. Ingots which
have been cast in iron moulds have a chilled outer layer which
may be quite different in structure and even in composition
from the general mass. The outer skin should also be
removed from small specimens which have been annealed or
quenched in the laboratory, as surface changes are likely to
occur during heating, even when care has been taken to avoid
the access of air, copper-zinc alloys losing a portion of their
zing, steels becoming superficially decarburized, etc.

Many alloys are too hard to be cut with a saw, or so brittle
as to crumble under the pressure. It is then necessary to
break off a piece of the alloy with a hammer, and to grind a
flat surface. Hard alloys which are not brittle, such as certain
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steels, must be cut with a carborundum disc. For very hard
alloys, such as white cast-iron, or the alloys of iron with
chromium, tungsten, etc., an emery or carborundum wheel must
be used for grinding, care being taken that the supply of water
is sufficient to prevent heating. For alloys which are friable
without being so hard as white cast-iron, a more satisfactory
plan is to prepare a flat surface by grinding by hand on a
carborundum block, moistened with water or turpentine. A
torn or pitted surface is less likely to be produced in this way
than when a mechanically driven wheel is used. The specimen
should not in any case be allowed to heat up by friction.
When a piece of metal is felt by the fingers to be distinctly
hot, the surface which is being rubbed is at a considerably
higher temperature, and in some cases, especially in that of
steels hardened by quenching, important structural changes
may be produced.

If the alloy is not too brittle, the sawn surface may now
be made approximately flat by means of a file. For this
purpose, a flat file is held in the left hand, with the end resting
on the bench, and the specimen, held by the thumb and finger
of the right hand, is drawn lightly up and down its surface.
The proper pressure to be applied varies with the nature of
the metal or alloy, and can only be determined by experience.
It is to be remembered that the teeth of the file strain the
metal, especially if soft, to some depth below the surface, and
the lines of strain may reappear after polishing. It is often
better to avoid the use of a file, and to prepare the surface of
the specimen by rubbing with a circular motion on a piece of
coarse emery cloth laid on the bench. All sharp edges and
corners must be bevelled with the file before proceeding
further, in order to prevent tearing of the cloth or paper used
in the subsequent processes.

PREPARATION OF A SMOOTH SURFACE

In the majority of cases, the preparation of a surface
suitable for polishing is effected by rubbing on emery paper.
Fine carborundum hones, such as are used for sharpening
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knives, are also used, but are expensive, and are also liable to
become clogged when soft metals are being treated. French
emery papers, prepared for jewellers’ use, are generally
employed, and can be obtained in five grades, o, 0o, 000, 0000,
and os, the last being the finest. The rubbing can now be per-
formed by hand or mechanically. Although the hand method
is naturally more tedious than the mechanical, it is to be
recommended to the beginner, and is in certain cases indis-
pensable. In order to carry it out, strips of the emery papers,
conveniently about 2o cm. long and 6 cm. wide, are placed on
a hard support, such as plate glass or hard wood. A con-
venient plan is to clamp each strip to the surface of a strip
of hard wood by hinged brass strips (Fig. 54). Before using

a new paper, the sur-

face should be well

rubbed with a piece

of steel (an old micro- /
section) to remove :

any coarse particles. Fic. s54.
There is no advantage in preparing one’s own emery papers.

The specimen, held between the fingers, is now rubbed
backwards and forwards on the strip of paper o with a light
pressure, care being taken to avoid tilting on reversing the
direction, which would cause rounding of the edges. The
rubbing is continued until, on examination with a hand lens,
no scratches are seen except the parallel series due to the
o paper. The process is now continued with the finer papers.
On passing from one paper to another, the specimen is turned
through a right angle, so that the new scratches cross the old
at right angles. In this way it is easy to see when the coarser
scratches have been effaced. On leaving the last emery paper,
the surface should reflect the image of a lamp or window
brilliantly, and should only show very fine parallel scratches
under a lens.

Much time is saved when hard metals are being examined
by employing a machine for polishing, by means of which the
emery papers, attached to discs, are rotated rapidly while the
specimen is moved slowly across them. A horizontal disc,
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mounted on a vertical spindle passing through a bearing and
resting on a footstep bearing, may be used, the papers being
glued to detachable hard wood or brass discs. Wheels rotat-
ing in a vertical plane are used en the Continent and in
America, but are less convenient. Slow-running emery wheels,
or machines carrying endless bands of emery or carborundum
cloth, kept taut by means of a spring roller, are also very con-
venient. Machine grinding should, however, only be employed
with hard metals or when a large number of moderately hard
samples have to be examined. For all delicate work, hand
grinding is greatly preferable, and is indispensable when soft
alloys are under investigation. It is impossible to develop
satisfactorily by mechanical grinding a eutectic containing lead.

PorisHING

The process of rubbing on emery paper -is really one of
cutting. Microscopical examination shows that the particles
of emery cut grooves in the metal, the section of each groove
being approximately parabolic. A certain amount of plastic
deformation also occurs in the neighbourhood of the groove,
this being the greater the coarser the scratch. Hence the
final scratches should be very fine in order to avoid the
presence of a deep surface layer of strained metal. The effect
of the emery on brittle metals, however, is to break out small
conchoidal chips, as in grinding glass, the chips being smaller
the finer the emery. It was long supposed that the effect of
polishing with powders on cloth was merely to continue this
process, the grooves or pits becoming so fine as not to be
visible under the microscope. The recent researches of Lord
Rayleigh,! Osmond and his collaborators,? and Beilby,? have
shown, however, that the process of polishing is essentially
different from that of grinding. The full bearing of these
investigations will be discussed in Chapter XVI., but here it
will be sufficient to say that the production of a polished
surface consists in the formation of a thin layer of “flowed”

Y Proc. Roy. Inst., 1901, 18, 563.

* F. Osmond and G. Cartaud, Rew. gén. des Sciences, 1905, 16, sI.

A summary of work on the subject.
* Proc. Roy. Soc., 1903, 12, 227 ; Electrochem. and Metall,, 1903, 3, 806.
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metal on the surfaces, the irregularities of the scratched surface
being partly rubbed away and partly filled up. This plastic
behaviour of the surface layer is readily observable even in
such a brittle metal as antimony.

The powders employed in polishing are the oxides of alu-
minium, iron, magnesium, and chromium.  French chalk and
other substances which have been used give very inferior results,
The most generally useful powder is alumina, prepared by
igniting ammonium alum and levigating. Rouge (a fine form
of ferric oxide) has been more used by metallographists than
any other oxide, and it undoubtedly produces the most brilliant
polish; but it has the disadvantage of causing an excessive
flow of the surface layer, so that on developing the structure
by etching, the outlines of the constituents are often found to
be blurred and confused.

For most purposes it is not necessary to- prepare the
powder in the laboratory, The product known as “Pire”
polishing powder gives excellent results, except for the
most delicate work with high powers, and does not drag
the surface as does rouge. It is only when extremely fine
detail is to be developed that a finer powder is required, and
this should ‘be prepared by levigation, as described by Le
Chatelier.! Alumina, prepared by the ignition of ammonium
alum, is ground with water in a mortar, or, better, agitated
with water in a porcelain ball-mill in order to break up lumps.
It is then washed several times with N/1ooo nitric acid to
remove soluble matter, being allowed to settle each time.
When it is found to settle with difficulty, the nitric acid is
replaced by distilled water, and the alumina is finally suspended
in water containing 1-2z c.c. of strong ammonia per litre.
The liquid with the powder in suspension is now sucked up
by means of a filter-pump into a pipette holding about a
litre (Fig. 55). The lower end of this pipette is sloped
steeply as shown, in order to prevent adhesion of the deposit.
The opening at the lower end should be about z mm, in
diameter. The tap is now regulated so that a drop falls
about every 12 seconds. All that issues in the first 15 minutes

Y Rev. de Métallurgie, 1905, 2, 528,
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is rejected, since it conmsists of gritty particles, which are

useless even after re-grinding. After this, the deposit formed

in the next three hours may be collected, but

it is still comparatively coarse and capable of

producing minute scratches; it should there-

fore be used only for hard steels and similar

substances. The suspended matter which issues

in from 3 to 12 hours is fine, and is suitable

for polishing brass, bronze, and, in fact, the

majority of ordinary alloys. For the very

finest work, alumina capable of remaining in

suspension longer than 12 hours may be used.

The yield, however, is exceedingly small, and

Fie. ss. in order to obtain such material large quantities

Pipette for pre- of the crude substance must be treated. The

g‘:;‘:g .al“' simple apparatus described above is then re-

placed by an elutriation apparatus, as used in

the physical examination of soils. Very fine preparations of
alumina are now obtainable from several firms.

For very soft specimens, such as the alloys of tin and lead,
the best results are obtained by polishing with chromium oxide,
levigated as described for alumina, only the very finest portions
being used.! Fine freshly ignited magnesium oxide is very
convenient, and does not require any further preparation, but
it must not be allowed to dry on the cloth, or a hard cake is
formed. The cloth must be washed clean after use.

The deposits obtained in the process of levigation should
not be dried, but should be stored in the form of a thin cream
with water in bottles with well-fitting rubber stoppers. In some
laboratoriesthe suspended alumina is precipitated by the cautious
addition of dilute acid, and the precipitate mixed with shavings
of Castille soap and warmed on the water-bath, so as to form a
cream, which is then stored in the collapsible tin tubes used
for artists’ colours. The addition of soap gives good results in
polishing steel, but produces undesirable effects in the case of
many alloys, and the author prefers to dispense with its use.

For polishing purposes, it is necessary to distribute the

! \W. Rosenhain and P. A, Tucker, P%il. Trans., 1908, 2094, 89.
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powder on some support. Fine felt cloth is generally used
for this purpose, The texture must be close and uniform, and
there must be no ribbed or raised pattern. Most samples of
cloth will be found to scratch soft metals, even after washing
thoroughly to remove gritty particles. The best quality is that
known in the trade as ¢ beaver” cloth. Good results are also
obtained with a kind of velveteen sold for polishing purposes
under the name of “selvyt,” but this wears out more rapidly
than a heavier cloth.

The fabric is tightly stretched over a hard surlace, and for
hand polishing may be conveniently attached to a support of
glass or slate. The operation of polishing is, however,
generally performed mechanically, the specimen being lightly
held in the fingers against a rotating disc covered with
fabricc. On small machines the cloth is stretched over a
hard wooden cone, and clamped with a brass ring, A good
plan, when using diamantine, is to clamp two thicknesses of
selvyt on to the cone, diamantine powder being placed on the
lower cloth, When thoroughly wetted, the finer particles of
the powder work their way up through the fabric under the
pressure of the specimen. Usually a larger disc is employed ;
one 15 cm. in diameter, mounted on a vertical axis and driven by
a leather or gut band by a treadle or motor, is very convenient
(Fig. 56). Thecloth is clamped :
on by means of a brass ring. mﬂw
In other forms of apparatus
the disc runs vertically, two
discs being mounted on the
same horizontal axis. The
disc should in either case be
surrounded by a metal water-
guard.

When dry powder is applied
to a cloth surface, it should be
thoroughly rubbed in with the finger, and a stream of water run
over the surface to remove coarse particles. It is much better
to apply the powder in the form of a fine suspension (contain-
ing 3 to 10 grams of solid per litre, according to the coarseness)

¥16. 56.—Simple polishing disc.
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by means of a spraying bottle fitted with jet and rubber bulb.
The cloth is kept continually moist by the application of the
spray. Great care must always be taken to keep the polishing
cloth free from dust, and rubbing with the finger or a brush
and washing should never be omitted on resuming wo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>