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INTRODUCTION



Historicel Introduction

Due to the féct that the applicability of pure metals in
industry is relatively small, the study of metallic alloys takes
on increased importance since the alloying of pure metals with
one another immensely widens the range of their applicability.
Obviously, the process of alloying will produce, from the relatively
small number of elementary metals, an infinite number of new metals
posseésing certain gqualities of mmlleability, fusibility and in-
alterability which are to be desired for particular purposes.
Then too, it may happen that the use in the pure state of a certain
metal which possesses a desirable secondary property may be im-
practicable dus to some other property or to the prohibitive costs
involved; in such a case, the alloying of the desired metal with
some other metal which may advantageously modify the former will
make available the desired property. An example of this may be
geen in the alloying of gold and silver, desired for their inslt-
erability, with copper in order to increase their hardness and
reduce the coste.

The great practical importance of metals sud alloys in
technical processes was, in part, the reason that they came to
be considered as a separate class from other solutions and mixtures
governed by the same physico-chemical laws. It was this importance
in metallurgical industries, slso, that was the motivating cause
of many of the earliestamd most important researches. 1In the
contrl of the metallurgical operations of many industries, the

study of structure has come 1t be a very valuable aid to chemical



armelysis anl the applications are constantly becoming more and
more widespread,.

Aside from its application in metallurgy, and considered
from the standpoint of pure science, the identity of relations
in metallic and non-metallic systems is of considerable import-
ance. Methods indentical with those used in metallography are
employed in the study of the formation and me tamorphosis of
igneous rocks and hawe also been used in the investigation of .
cements and slags. In addition, the applicability of fhese
methods seems capable of still further extension.

As late as 1871, the term "metallography" was employed
to denote the description of metals and thelr properties but this
use is now obsolete. The word was reintroducedlin 1892 to desig-
nate the microscopic structure of metals and alloys; its meaning
has since been gradually extended and modified to include invest-
igation of alloys by methods other then microscopical. The def-
inition of metallography is now given as the dtudy of the internal
structure of metals and alloys end of its relation to thei r comp-
osition and to therr physical, chemical and mechanical properties.

The study of the internal structure of metals agnd alloys
may be considered as a branch of physical chemistry since the
gstructure of the solid depends on the physical and chemical con-
ditions under which it is fomed. 1In particulsr, the study of
structure may thus be considered as belonging t the study of
eguilibrium of heterogeneous condensed systems. lletallography,
while taking into accéunt those factors of the nature and relative
quantities of the phases in a system and the transformetion of
energy accompanying chemical changes which are considered in phys-

ical chemistry, alsodesls with the arrangement of the component
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particles in space.

Sarly work in the study of metallic alloys established
the important fact thet the chemical, physical and mechanical
properties of alloys are directly dependent on their chemieal
composition, i.e., on the nature and proportions of hoth the
constituent metals end the compounds which they form together,
a8 well as of the isomorphous mixtures amnd of their various
glilotropic modifications. |

The first record of the examination of metals snd alloys
by microscopical means appeared as early as 1665, when Robert
Hooke described the appearance of lead crystallizing from its
alloy with silver. The technique used by the early workers was
the examination of the fractured surfaces of alloys by the micro-~
scope. However, a bether method was developed by WidmannstBtten
who found that, when certain meteorites were cit and polished
and oxidized by heating in air, a characteristic structure
was developed. It was later discovered thet structures were
developed even more distinctly when the specimens wers etched
with nitric acid. 1In 1864, H.C. Sorby produced, by & method he
devised for the preparstion and examination of micro-sections,
photomicrographs which compared very favorably with those ob-

ained by later workers,

iletallography continued to progress along with the advance-
ment of the study of the nature of metallic alloys. For some
time, there was much controversy as to whether alloys were mech-
anical mixtures or were to be considered &s chemical compounds,.
In connection with this question, Levol showed that only a few
alloys remained homogeneous throughout the process of solidif-~

ication, most of them being separatad into parts which have dif-
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ferent fusibilities.

Investigation of the alloys by means of their physical
properties was undertaken by Matihiessen who put forward the
suggestion that they were solidified solutions which might or
might not contain compounds. He carried out his work using
alloys containing varying pwmoportions of the same constituents,
taking any discontinuous change of properties as possible evidence
of the existence of a compound. Ilatthiessen's work more or less
marks the 8tarting point of the consideration of alloys as &
branch of physical chemistry.

It had been observed that alloys very frequently melted
at temperatures lower than those of their components and after
the Raoult law of freezing point depression had been established,
it was thought that the study of alloys might be undertaken from
this view point. A number of investigations were undertaken
along these lines. Rsmsay studied the depression produced in the
vapor pressure of mereury by the addition of other metals; the
depression of the freezing point was studied by Tammann and by
Heycock and Newille. In addition, XKapp, as well as Heycock and
Nevillel, determined the complete freezing point curves of cer-
tain binary al;oys, rassing from one end of a serises to the other.

Juptnef and Le Chatelier were the first to suggest the
application of Gibbs' theory of phases to the study of alloys.

The first important application of this was made by Roozeboom
who constructed the complete diagram of thermal equilibrium

of iron and carbon from the results which Roberts-Austen had
previously obtained in the thermal exsmination of iron and steel.

In 1899, Roozeboom established his well known five types

of s0lid solutions in binery sgstems from the theoretical stand-
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point of the phese rule. The first important application of this
idea was made by Heycock and Feville who used it in their study
of the alloys of copper andi tin. In this same investigation,
the method of quenching from determined temperatures was intro-
duced and the microscopical study of the alloys was also dealt
with, this latter method of investigation having since developed
very rapidly,.

ilany valuable additions to the study of metallography were
contributed by Tammann, among these being a survey of a large
number of binary metallic systems which wasg undertaken in an
attempt to establish irregularities between alloys of different
metals, The diagrams that he established were not entirely accep-
table due to the inferiority of his experimental methods and of
the meterisls with which he was working but the work stimulated
interest in the study of metals and &lloys and d4id include some

valuable information on the properties of metals.
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Theoretical

General Phase Rule

It was not until the lste ninetecnth century that a sat-
isfactory theory dealing with the equilibria of chemical reactions
wa.g éstablished° Thig theory, enunciated by Willard Gibbs, is
general in avplication and is not based on any hypothetical
assumptions as to the nature and constitution of matter which
might wesken it.

Previous to this, it had been known that chemical reactions
did not take plsce completely in one direction but proceded to
8 certain point and them hslted. Therefore, various attempts
had been made to collect all known cases of chemical and physical
equilibria with a view %o establishing a gererel law. Such
attempts were made by Wenzel and Berthollet who recognized the
influence on the‘equilibria of systeme of the masses of the par-
ticipating substances. However, the resl guantitative study of
eqiilibria was begun by Guldberg and Weage in.their general state-
ment and mathematical trestment of the Law of iass Action which
satisfactorily summarized the conditions of eguilibria in many
cases, both homogenesous and heterogencous, certain simplifying
assumptions having to be made in the latter case., VWhen, however,
this law wag applied to those systems§in which the number of
molecular aggregates and the degree of thelr molecuvlar complexity
were not known, it failed since it depended on the kinetic and
molecular theories and therefore involved certain assumpiions
as to the nature and condition of the substances participsting in

the equilibrium,



It was ten yesrs after this that Willard Gibbs enunciated
his general theorem which is now known as the Phase Rule whibh,
considering a system as possessing only theee variable factors,
nemely, tempersture, pressure and the concentration of its com-
ponents, defines the conditions of equilibris as a relationship
between the number of so-called phases and the components of g
system. Gibbs established this theory on the basis of the laws
of thermodynamics (a method of treatment first applied by Hors t-
mann) and achieved hig results in a perfectly genersl way, free
of any hypothetical assumption as to the molecular condition of
the substances in the equilibrium. By 1t he showed how all case
of eguilibrium could be divided into classes or groups and how.
similarites in the vehavior of apparently different systems and
differences in apparently similar systems could be explained.

The phases of a system may be defined as the different
homogeneous but physically distinet portions of a system which
are marked off in space and separated from the other portions
of the system by bounding surfaces. Thus we may consider water
as existing in three different phases, ice, water and vapor. A
phase, however, need not be chemically simple, although it must
be homogeneous; a gaseous mixture or @ Sokution may be considers

as & phase, A mixture of solid substances, however, since it

tte
w

heterogeneous, 1s not one phase but consist of ag many phases
ag there are substances present.

The components of a system are "the smallest number of
independently variable constituents by means of which the comp-
osition of each phase participating in the state of equilibrium
can be expressed in the form of a chemical equation,"l2 For'ex-

ample, the system ice - water - vapor has only one component

7o

S

d



although there are three phaées present, In the case of the
equiliorium of the dissociation of calcium carbonate into cal-
cium oxide and carbon dioxide, therc are three substances pre-
sent but the system cannot be sonsidered 8s one of three compon-
ents since they are not mutually independentg’ That is, the comp-
osition of any one phase is defined when the other two are taken
and the system is therefore considered as one of two comgonents,
The number of degrees of freedom of a system is defined
és "the number of variable factors, i.e., temparature, pressure
and concentration of the commonents, which must be fixed arbit-
rarily in order that the condition of the system may be perfectly
definede"l2 Therefore, the system water -~ vapor has evidently
only one degree of freedom; if the temperature is fixed the
pressure under which‘the two phases can co-exist is also fixed.

.

If we consider the system ice - water - vapor we see that, in

T
his case, there are no degrees of freedom and the state of the

ot

system with reference to the temperature and pressure of the vapor
is defined, If any one of the variables is changed, one of the
phases will disappear and the system will no longer congist of
thres phases., In the case of a system which is & gas or vapor,
there amre two degrees of freedom, for the temperature and pressume
may be arbitrarily changed while the volume remains the same.

The Phase Rule ss established by Gibbs and which defines
the conditions of equilibrium in terms of the co-existing phases
and componehts, may be stafed as follows: "A system consisting
of n components is capable of existing in n f 2 phsases only when
the temperature, pressure and concentration have fixed and definite

values; if thers are n components in n % 1l pheses, equilibrium
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can exist while one of the factors varies, and if there are only
n phases, two of the varying factors may be arbitrarily Fixed."1e

The following equation i¢ generally given as the expression

of the above statement,

F=n-r1r+4f32
where P denotes the degrees of freedom of the system, n the num-
ber of components and r the number of phases. Obviously, there-
fore, as the number of phases is increased, the number of degrees
of freedom becomes 1eés and the condition of the system becomes
more and more defined.

Yhen this rule is applied to metallograprhy, however, certain
simplifying assumptions may be made. The vepor phase is generally
neglected in a consideration of the gequilibris of metals since
the volatility of metals at their melting points is too small to
have any effeet. Also, the pressure under which eguilibrium con-
ditions are reached is considered to be constant since, in most
cases, the freezing point determinations are carried out in vessels
which are either open 1o the atmosphere or connected with other
vessels in which the pressure is egqual to the atmospheric pressure.
Accordingly, the influemce of pressure on the freezing point of
metals and alloys is neglected in all but very exceptional cases.
Thus there is one less variable to consider, leaving only the
factors of temperature and concentration to be takem into account,
Therefore, in a consideration of metallic alloys, the Phase Rule
may be expressed by the formuls,

P'sn-1r441
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Binary Systems

All solid substances may be classified as being either
crystalline or amorphous and we find thaﬁ alloys belong in the
first group. The crystallinity of s2lloys can very often be recog-
nized by examination of the fracture under & microscope but , in
certain casesg, the fracture may be conchoidsl, i.e., resembling
a glass, so that the crystalline character i¢ no longer revesled
by the microscope. In such cases, the charscteristic cooling curves
may.be used to prove that the elloys belong to the group of crys-
talline substances, When an amorphous body ié cooled the fali of
temperature is regular, due to the continuity between the different
intermediate states asgumed by the mess as it solidifies. However,
when a crystalline body is fused and allowed to cool, the results
are quite different. The solidification begins suddenly and,
due to the liberation at this stage of the latent heat of cryst-
allization, the temperature is observed to halt., Such an arrest
of the temperature is noted when any crystalline substance is
allowed to cool and, therefore, alloys as crystalline substances,
must all show such a halt on their cooling curves, As 2 result
of the crystalline character of alloys we may expect to observe,
in the action of heat on them, phenomena similar to thoses Bhown
by other crystalline mixtures such as nmixtures of fused salts
or solutions of salts and water.

In the case of solutions, the freezing point was found to
be lowered by the dissolution of the salt in the wabter and sim-
ilarily, in the case of fused salte, the freezing points are
found to be lowered by the addition of one salt to another. The

same phenomenon ©s observed with metals; Heycock and Wevillet
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demonstrated this with thelr experimentse on the effects of adding
small quantities of one metal to another on the temperature of
solidification of the latter. In this way_it has been determiﬁed
that the melting point of tin is lowered by the addition of

small guantities of silver, copper, nickel and lead; and in like
wanner that of antimony is lowered by the addition of silver,
copper, etec.

However, in a small number of cases, it was observed that,
by the addition of one metal to snother, the opposite effect of
raising the solidificstion temperature was produced. An example
of such 2 case is found when silver is added to cedmium or zinec,
causing their temperatures of solidification to rise. This
phenomenon has also besn noted in substances other than metals,
that is, in the case of certain fused mixtures of salts, e.g.,
votasesium sulphate added to potassium chromate.

The solidification of elementary substances or of definite
compounds takes place =t one constant tempersture but with salt
solutions or fused mixtures of salts the solidificstion takes
place in a somewhat different menner. In these ceses, solidif-
ication begine at a certain definite temperature depending on
the composition of the mixture and continues only a&s the temp-
erature falls, It becomes complete at a second definite temp-
erature which is indevpendent of th: composition. In the case
oflsome binary alloys this latter temperature is not the egame
for all the alloys of a series but such a series may be divided
into groups of alloys, each gfoup having a characteristic solid-
ifying temperature. There are rarely more than three groups in
such cases,

It i the point &t vhieh solidification just commences
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that is taken as the point of solidificition of a mixture or
the crystallization point of an aqueous solution. The curves
on which these solidification points are nlotted against the
corresponding compositions of the mixtures are referred to as
fusion curves, Similar curves relating compositions of satur-
ated solutions to corresponding temperature are called sol-
ubility curves. These two types of curves are identicel in
form but this fact was not realized until pointed out by Le
Chatelier. The reason that the relationship was not recognized
was probably due to the fact that the common practice was to
plot these curves with the temperatures as ordinates in one case
and as abscissae in the other, which resulted in a difference
of orientation for the curves., INowadays the accepted method

of plotting these curves is to plot the arbitrary variable in
each case as abscissae and the function of this variable, de-
termined experimentally, as ordinates,

The general procedure in the establishment of the solubility
and fusibility curves is somewhat different for each case. \lhen
the solubility curve is desired, one finds, at a given temperature,
the somposition of the liquid in equilibrium in contacet with
either ice or excess salt. In the case of fusibility, mixtures
of knovn composition are taken and the temperatures of solidif-
ication determined for them,"The analogy of these two kinds of
vhenomena becomes guite evident when we consider that the state
of satumation of a liguid is unaffected by the presencs of a
large or small amount of solid Subsﬁance in contact with it and
also that, at the solidifieation point of a liguid, a state of
saturation is considersd to exist with respect to the solid sub-

stance separating from the liquid, since & very smell lowering
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of temperature is reguired to caﬁse the deposit.

When there are several s0lid substances in differmt
chemical states seprating from & liguid mixture, the curve of
mutusl solubility of two substances will be represented by a
number of intersecting branches. There will be & separate branch
for each s0lid substance separating and also one for each of their
allotropic forms and for each of their compounds, with these
branches intersecting one another and forming o continuous curve
vhich, however, has a certain number of angular points. In the
experimental investigation of these curves, with the exception
of the cuse of supersaturstion, they can be traced only dn the
region limited by successive points of intersection.

The exigtence of these multiple branches in solublility
curves was first discovered by Loewel when he was investigatiéng

the curves of sodium sulphate, sodium carbonste and magnesium

ot

[©]

sulphate. Somewhat later than this, Bakhuis Roozeboom drew the
same conclusions when studying solutions of calecium chloride
and.it wag finally shown by Le Chatelier that this occurrence
must naturally follow as é result of the fundamental laws of

energy and that there csn be, therefore, no exceptions to this

rule,

Thermal Analysis

The method of investigation of metallic alloys xnown &ag
thermal analysis is the most widely used snd probably the most
important method employed today and may, in fact, be regarded
ag vhe foundation or baesis for all other methodd of investigation.

The reason for this lies in the fact that, in ell but a few
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instances, we would be unable to interpret éorrectiy the results
obtained by microscopic and other methods of investigation if
nothing were known of the diagram of thermél equilibrium of a
system which shows what phases we may expect to: oceur in an
8lloy of & certain composition cooled under certain conditions.

In metallography, the most important requisite 1is a
knowledge of the phases present in the cold ailoy and én this
point the establishment of the thermal equilibiium diagram
provides much important information. The freezing yoint curves
resulting from the thermal analysis show the temperatures in the
neighborhood of the freezing point of the alloy. Ang changes in the
solidified alloy from one phase to another will also be revealed
by means of thermal analysis if the heatl effect which accompanies
the changes is of sufficient intensity.

The facet that heat is libersted or absorbed when one
phagse in the alloy changes to ahother phase is the basis of the
method of thermal analysis. The general method is to take either
cooling curves or heating curves on which these effects show
up. These curves are determined with the specimen in anbenclosure
which is cooled so that, as far as possible, thé loss of heat
due to radiation, convection and conduction is uniform,

fhen the cooling curve of a pure substance is taken in
such & way, the curve obtained will be continuous, revrescnting
a gradual fall of temperature while . the subssance is cooling
and as long as no solidification takeé place, AS sopn as sblid
begihs to separate out, the heat liberated will oausé & halt in
the cdoling and the temperature will remain constant until the
gsolidification is compiete° This, of course, is based on the

assumption that there is no supercooling occurring.



In the case of a solution, however, the curve obtained
is slightly different. As with a pure substance, the curve is
continuous while all is liguid but when & solid phasce appears
there is heat evelved and the rate of cooling chahges. There
is, however, no temperature halt on the curve but merely a
change of direction at the freezing point of the solution. With
continued cooling, the composition of the solution changes as
the solid phase separates out and the ?emperature faells down
to the esutectic point. At this point a second solid phase
appears, causing the system to become invarisnt, agein supposing
there is no supercooling. The temperature now remains constant
until the solidification becomes complete, after which the fall
of temperature becomes uniform again,

The eutectic halt, that is, the length of time during
which the temperature remains constant at the eutectic point,
naturally depends on how much of the solution has solidified
before this point was reached. Obviously, the halt time will be
a maximum for & solution whose composition is represented by
that of the eubtectic point.

The construction of the equilibrium diagram is accomplished
by plotting the temperstures of the halt points on the cooling
curves of mixtures of different compositions against thes
respective compositions. These arrest points are indicated on
the cooling curves by the occurrence of breaks or discontinuities.
There may also be obtained from the cooling curves certain in-
formation regarding the solid phases present. When the times
of the constant eutectic halts for different mixtures are plotted
against the corresponding compositions of the liquid mixtures,

8 curve with a maximum is obtained which indicates that only the
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" pure components are present as solid phases.

The usual procedure is to plot the'direct cooling curve
as temperature agsinst time but in certain cases the thermal
effect of the phase changes is so slight thet it does not show
up on the direct cooling curve. To overcome this and increase
the sensitivity of.the cooling curve method, Sykes2 developed
what is known as the differential curve method. In this method,
the curve is obtained by plotting the time against the temperature
difference: betweén the spécimen-and its enclosure. This temp-
érature difference is obtained by means of two therm couples
connected differentially, one being put in the specimen and the

other in a neubtral body in the enclosure.

Types of Bquilibrium Diagrams
(1) The components separate out in the pure state:

The typical diagrsm for such systems is shown in Fig.l.
Thig is the simplest possible equilibrium diagram for two-comp-
onent systems in which there is no solid solution. Points A and
B on the diagram are the melting vpoints of the pure components
and ¢ represents a eutectic point. AS mentioned before, the
dissolution of a substence in a liquid causes a lowering of the
freezing point of the ldquid and thus when B is added to molten
A, the temperature at which so0lid A4 i¢ in equilibrium with the
liquid will be lower than that of the freezing point of pure A.
This lowering of tempsrature becomes progressively greater a8
the concentration of B increases and this behavior is represented
by the curve AC which gives the compositions of solutions in

equilibriwm, at differsnt temperatures, with solid A. In the
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same way, we see that BC represents the compositions of solutions
at different temperatures in equilibrium with the solid B. At
the eutectic point C, both the so0lid components A and B can
exist in equilibrium with a liguid whose cdmposition is repre-
sented by C. If, from such a solution, crystals of one of the
so0lid components were to separste, the ecuilibrium would be
upset and the liquid would be supersaturated with respect to the
other comp@nent. To reestablish equilibrium, crystals of the
latter must separate oubte AT this eutectic point therefore,
the separating solid consists of a mixture of both solid com-
ponents A and B and the temperature widl remain constant until
all is solid. This constancy of tempersture is & characteristic
of eutectic mixtures at theilr freezing points., In this respect,
thersiore, they resemble pure substances or definite compounds,
and it was due in pert to this fact and in part to the apparent
complete homogeneity of some eutectlce mixtures that some early
workers mistook them for compounds.

(2) Ccompounds are formed with a congruent melting point:

A compound with & congruent melting point mey be des-

eribed as one which is capable of stable existence as a solid
in equilibrium with a liquid of the same composition. When such
a compound is formed by two components, the equilibrium diagram
of the system fhs of the type shown in Fig. 2. There is now a
third curve present in addition to the two curves which are the
same &8 those already discussed. This third branch of the equil-
ibrium curve must show a maximum which always occurs at the comp-
osition of the compound. That is, the compound has a definite

melting point which, by the addition of either of the pure com-
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ponents, is lowered in accordance with the curves DC and DE on
the diagram. A, B and D are the melting points of the pure
components A snd B and the compound AgBy respectively. 4s
before,.the curve AC gives the compositions of mixtures at dif-
ferent temperatures in equilibrium with A as the separating
solid and B represents the compositions of solutions in equil-
ibrium at different temperatures with B as the solid phase.
Along the curve CDE, the compositions of the solutions in which the
compound is the solid phase are similarily given. C is the
eutéctic point whers a_mixture of_pure A and the compound AXBy
is in equilibrium in contact With a solution whose composition
is represented by the point C. Similarily, & is the eutectic
point with B andfthe compound AXBy’as solid phases existing in
contact with a solution of the composition of K. The area in
which the compound forms, i.e., the area under the curve CDi,
does not have any definite limits and may cover a very large
part of the diagram in soms'céses or only a small part in others.
The compound may have a melting point which is higher or lower
than those of the pure components or it may be intermediate.
Tor each compound with a congruent melting point that two com-
ponents my form, there Will be & curve sSimilar to CDE in Pig. 2
on which a maximum will occur at the composition of the compound.
If the cempound were undissocisated into its components,
the curves CD and D would be expected to intersect at D instead
of forming & continuous curve. In favor of this argument is the
fact that D represents the melting point of a pure subs tance
which is lowered by the addition of snother substance to the
liquid phase. But when the compound is dissociated in the liguid

phase, we are dealing with a mixture of molecules in the liguid
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phase whose composition varies continuously with the tempersture.
The curve will therefore be continuous as long as the compound
remgins unchanged arxd the meximum on the curve will be rounded
end not the point of intersection ofrtwo~branchese The sharp-
ness of this bend in the curve depends upon the degree of dig-
sociation of the compound in the liquid phase; if the compound
is only slightly dissociated the crest of the curve will be
fairly sharp and as. the degree of‘dissoeiatioﬁ increases the
maximum becomes flatter and flatter; Various attempts have heen
méde to calculate directly the degree of dissociation from the
extent of flatﬁening of the curve and have given results which
are in approximate agrecment with the sctual facts.

(8) Compounds are formed with.incongruent melting points:

A compound which has an incongruent melting point is one
which undergoes decomposition, with the formation of another
s0lid phase, below the temperature of the congruent melting point
of the compound., The equilibrium diagram of such a system in
which the components form sn incongruently melting comﬁound is
shown in Pig. 3. In this case the compound can exist stably
only in contact with & solution containing an excess of one of
the components. In the disgram, the dotted line represents the
metastable existence of the compound and the curve formed is like
that for a congruently melting compovnd, i.e., it has a maximum
at the composition and congruvent melting point of the compound.
Actuslly, however, the compound decomposes into another solid
vhase and a liquid whids has a different composition from that
of the compound before the temperature of the congruent melting
point is reached. This point where decomposition occurs, point D

on the diagram, is known ¢ the incongruent melting point or
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peritectic point and represents the limit of stable existence of
the compound under the partieular pressure assumed. For every
compound with an incongruent melting point, formed by two com-
ponents, there is such a point and the equilibrium diagram of
the system would consist of a series of curves with no maxims
and would have only one eutectic point.

The composition of the compound must be found indirectly
since there is no temperature maximum on the equilibrium curve.
It can be got by extrapolation of the ecurve through the mefa—
stable or so-called 'hidden' maximum but the results obtained
by this method are only approximate. Tammann, however, noticed
that the duration of the compound halt time depended on thebcomﬁ-
kosition of the mixture taken and that the further away from fhei
composition of the compound it was, the smeller it became. He"
therefore plotted the duration of the halt time against the |
original composition of the mixture and obtained two curves
which intersected at a point where the compound halt time was g
maximum., This point, therefore, gives the composition of the
compound and affords & check on the incongruent melting point,

since the time of the compound halt is zero at this vpoint.

Formation of Solid Solutions
When two components form solid solutions am well.as liguid
solutions, two curves are required to depict the equilibrium
diagram of such a system. This is in part due to the fact that
the concentrations of the components are generally different in
each phase and one curve therefore relates to the liquid phase
while the other relates to the solid phase. The temperature at

which solid Just begins to separate out from the liquid mixture
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is known as the freezing point end, therefore, the freezing
point curve will be that obtalned by plotting temperatures
against the compositions of the liquid phase. The point at
which the solid solution just begins to liquefy is called the
melting point and therefore the melting point curve is obtained
by plotting the compositions of the solid solutions against the
temperatures. The above curves are also referred to regspectively
ag the ligquidus and the solidus.

When & solid solution occurs in a system, the two com-
ponents may be eithercompletely or only ﬁartially miseible in
the so0lid state and therefore it is usual to divide the consid-
eration of the types of solid solution into two sections.

(1) An unbroken series of solid solutions is formed:

When the two components are completely miscible in the
g0lid state there can be only one solid phase present Since &
solid solution, of course, counsists of juét one phese. This
solid phase will, therefore, be a so0lid solution of varying comp-
osition. It follows that there will be only onenliquig phase
since the components must also be completely miseible in the
liquid state. There can, therefore, never be more -than three
phases present and the system ean never become invariant, while
the equilibrium curve must be continuous. There are three types
of such systems but one, in which there is a maximum shown by
the curve, is very rare, and known only when the components are
optical isomers, Therefére, we will only consider the other two
types which are as follows:

(a) The freezing points of all mixtures lie between the
Qaeezing points of the pure components (Fig. 4, Type 1)

The diagram consists of two continuous curves joining
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the melting points of %he two pure components; these two curves
are the freezing point curve and the melting point curve and

give the respect;ve compositions of the liguid and solid sol-
utions formed by the componentsl When a liquid mixture is

cooled, the freezing point gives the point where it touches the
liguidus curve., By projecting & horizontal from this point to
interséct the solidus curve, we get the compesition of the corres-
ponding solid phese which separates oute.

The relative positions of the solidus and liquidus curves
are given by the followdng rule: "at any given temperature the
concentration of that component, by the addition of which the
freezing point ic depressed, is greater in the liquid then in the
solid phase; or, conversely, the concentration of that component,
by the addition of which the freezing poinﬁ is raised, is greater
in the solid than in the liquid phase,"l2

(b) The freezing point curve passes through & wminimum (Fig. 4,
Type II)

There is, in this case ags well as in that where the pure
compénents are deposited, a minimum freezing point obtained but
here there is a continuous curve through the point and not two
curves intersecting. On one side of the minimum the liguidus
contains relatively more of one component than does the solidus,
while on the other side it contains relatively less, The comp-
ositiom of the soliéus and liquidus are the same at the minimum
and , therefore, complete solidification and liquefaction will
take place at the came temperature ana the solid solution will
exhibit a definite melting point,.

{(2) The components do not form é continuous series of solid
solutions:

Partial solid solubility i¢ very much the same s8 the case
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of partial miscibility in the liquid state. The component B is
gsoluble to a certain extent in the solid component A but, if a
further quantity is added, the composition of the solid is not
changed but another solid phase appsars which is & solution of A
in so0lid B. Therefore, at this point we have four phases co-existing
namely, solid solution with excess A, solid solution with excess B,
liguid solution and vapor, and the system must therefore exhibit
an invariant point. At this point the equilibrium curve is no
longer continuous but shows & break or discontinuity. There are
two types of curves to be considered.

(a) A transition point is exhibited by the freezing point
curve (Fige 4, Type III)

When B is added to the other component A, 1t causes a rise

in the melting point. In accordance with the rule previously given
there will be a greater concentration of B in ihe solid solution
than in the liquids The compositions of both the liquid and solid
solutions sre given by the curves AC and AD respectively. Similarily

the curves BC and BRE represent the compositions of the liquid and

an

solid solutions formed when A is idded to B, the melting point of
the latter being lowered py this addition. At the tempsrature of
the horizontal line CDE there is an equilibrium between the liguid
solution, whose composition is repressnted by C, and the ftwo solid
- solutions of the compositions D and H. The curve for the solid
pheses, therefo:e, exhibits a discontinuity at this temperature
and, as g consequence of the change in the solid phase, the freez~
ing point curve or liguidus also shows a break.

{(b) The freeging point curve ekhibits a eutectic point (Fig. 4,
Type IV)

In thig case, addition of either one of the components to



24,

the other cause a lowering of the freezing point. This results
in two freezing point curves which intersect at a eutectic point
where the ligquid solution solidifies to a conglomerate of two
spolid solutions,

At this eutectic point there is equilibrium bebween the
two solid solutions whose composSitions are represented by D and &
and a liquid solution of the composition of the eutectic point C,
snd therefore & molten mixture of this composition will solidify
entirely at the temperature of the horizontal DCEZ to a mixture of
the two so0lid solutions. Thess go0lid solutions represent the re-
spective end points of the two series of solid solutions of the
two metals A snd B, D being the saturated solution of B in A and XA,
a saturated solution of A in B.

The muteml solubility of the two solid components changes
with the temperature however, and when solid solutions sre formed
they do not necessarily remain unchanged in the solid state. It
igs possible that theymsy lose their homogeneity at some lower
temperature and this fact is of considerable importance in the
study of the formation of alloys.

Bakhuis Roozeboom was responsible for the classification of
these types of solid solutions. He established them in 1899 from

the theory of thermodynamic potential.

Incomplete Miscibility in the Liquid State
It is not always the case that alloys melt to a homogeneous
liguid; certain pairs of substances form two immiscible liguid:
layers within certain ranges of temperature and concentration. The
degree of immiscibility veries with different pairs of substances.

It is more usual for the mutual solubility of two liquids

to increase with rising temperature but in rare instances it is
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observed Lo decrease. Therefore, if we consider two liguid layers
formed by two substances A and B as the temperature rises, we see
that in the layer in which A is in excess the concentration of B
becomes greater and that the layer with excess B Dbecomes increas-
ingly richer in A. That is, the compositions of the two layers
ere gradually approaching each other as the temperature ig raised.
avidently there is a certain temperature at'which these two liquid
phases do become identical in composition. This temperature is
known 8¢ the critical solution tempesrature but its experimental
realization is very difficult in the majority of metallic systems,
owing to the fact that this temperature is usually higher than
that of the boiling points of the metals involved and also because
of the difficulty in distinguishing the two layers due to the lack
of transparencye.

When two metsls are almost completely immiscible in one
another in the liguid phase at a temperature slgihtly above the
melting point of the higher melting one, the freezing point of
either will be unaffected by the presence of the other no matter
what the composition. Therefore, for any liguid mixture, the
metal with the higher melting point will erystallize out entirely
at its normal freezing point and the temperature will then fall
to the freezing point of the other metal which will then crystallize
out. This is a limiting case and the eguilibrium disgram consists
merely of two horizontal lines through the respective freezing
points of the two metals,

In actual fact, however, such complete immiscibility‘never
takes place and the ususl form taken by the eguilibrium curve is

that shown below in Pig. b



Pigs ©

The freezing point of each pure metal is depressed by the
addition of the other, The sutectic poinbd is usually found to be
nearer to the freezing point of the more fusible metal and so near
to the end of the series a&s to be practically indistinguishable
kfrom the freezing point of the pure metal.

Pig. 5 chows whaet will happen when liquid mixtures vary-
ing composition are cooled, assuming that thers are no compounds
or solid solutions formed and that both metals crystallize in the
pure state., From a mixture rich in B, crystals of B will first
be deposited and the temperature will fall in accordance with the
curve BRE, until the temperature and composition of the point A
have been reached. At this point the freezing point curve inter-
sects the miscibility curve which is indicated by the dotted line.
If B continued to separate from the molten alloy, the composition
of the mixture would reach a point between B ard i@, Thig, however,
is within the region of immiscibility and therefore the result of
crystallization must bz the formation of a second liquid phase
which has the composition D. We thus have the three phases, golid
B and the two liguid phases in contact with one another. The'
system becomes inveriasnt at this point and further cyystallization

takes place at constant temperature represented by the horizontal

line DA. The mean composition of the liquid alloy changes along



the line &D as the crystallizatioy proceeds until the point D

igs reached, at which point the liquid alloy of the composition &
disappears. This reduces the number of phases present to two

and as further cooling takes place the temperature falls, as in-
dicated by the curve DC, with the metal B crystallizing from a
homogencous liguid. This continues until the eutectic point C

is reached, after which the process continues in the normal fashion,
Oon the individual cooling curves of molten slloys, the formation
of the second liquid phase shows up as & horizontal portion which
is exactly like that obtained for the solidification of a eutectic,
These cases are usually distinguished microscopically.

The upper part of the curve of liquid solubility lying
above the liquidus, cannot be determined by the simple method of
thermal enalysis, as the development of heat is too small to be
detected and thus othsr methods must be used. The most gencral
method is anslysis of samples removed from either layer of an alloy
at a tempersture at which the alloy is molten. The curve may be
traced by changing the temperatures at which gémples were taken.
The method of quenching the molten alloys and analysing samples
may also be used.

The converse condition, of a homogenéous liguid which

separates into two phases on heating, 1S xnown but is less common.

Methods of Cooling

The two general methods used in the determination of cooling
curves of fused massesare those known as Plato's method and the
much older methnod of free cooling., These methods are described

in general as follows:
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(a) WMethod of free cooling:

In tris method the substance under consideration is melted
up in a furnace which is fitted with a thermocouple and kept
molten for 2 short time. The hesnting is then cut off entirely
end, as the molten mess cools, readings of the temperature are
taken at certein definite intervals of time.

The cooling is fairly rapid in this method and takes plac e
according to Newton's law of cooling. When a body in which no
solidification or other thermal effects occur is cooled and temp-
erature readings are plotted against time, the curve obtained is

like that shown in Fig. 6.

Pig. 6
(b) Method of Plato:

In Plato's method the cooling is restricted. This is
usvally sccomplished by attaching a rheostat to the circuit of
the furnsce snd gradually cutting off the heating current by
incressing the resistance. The resistance is usually calibrated
and is increased a certain definite amount at definite intervals
of time so as to keep the cooling regular. Readings of the temp-
erature are taken at the same intervals of time by means of a
thermocouple in the furneace and when plotted against time give
a curve like that shown in Fig. 7, provided, of course, that there

is no solidification or other thermal phenomenon taking place.
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Yhen any thermsl effect takes place in a melt it shows
up on the cobling curve as a change of direction of the curve,
and thus it would be much easier to detect on & curve like that
of gradusl cooling than on the other type. This is especially tru e
if the heat effects are very smell, since the very slight
change of direction that would result would be much more difficult
to distinguish on a curved line than on a straight one.

The following are the types of curves to be expected when

the method of gradual cooling is used:
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Pig. 10

Pigs 8 represents the ideal case. Along the curve from
a to b the cooling is uniform but at b the first trace of solid
appears. The rate of cooling is thus changed =nd cooling now
continues along be until the point ¢ is reached. At ¢, solidif-
ication has become complete, and from this point on the cooling
is very rapid until the originsel curve is obtained again.

The temperature of b is the temperature at which solidif-
ication commences and therefore represents & point on the liguidus,
or freezing point curve of the equilibrium diagram. Similarily,
the voint ¢ gives the temperature of compléte solidification and
therefore marks a point on the solidus, There is some difficulty
in determining this latter point since it is easily distorted in
one way or another., If insufficient time ig given for the complete
alteration of solid solution this point will tend to be too low.

To overcome this, Tammann proposed the followinf procedure. He
suggested carrying out with the same specimen cooling curves with

different rates of cooling and thus a value of ¢ would be obtained
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for each caée. The temperatures of these points are then plotted
against the rates of cooling used and the resultant curve extrap-
olated to infinite rate of cooling. The value thus obtained
would be the idesal value of ¢ and therefore & true point on the
solidus curve,

In actual practice the curve tekes the form shown in Fig. 9.
The point b is interpreted as before, i.e., the beginning of solid-
ification, snd cooling then continues along bes This is no¥,
however, a straight line as in the ideal diagram but instead is
rounded off somewhat from cjto cg where there was a sharp point
¢ before., The point of complete solidification is now represented
by the point coe From this point the coolin follows a straight
line to d and so by extrapolating this line and the stzaight por-
tion beq uﬁtil they intersect, the ideal point ¢ is obtained.

In the cases vhere supercooling or unequal cooling occur,
the curve is like that shown in Fig. 10. There is no longer s
straight curve from b to ¢ but instead there is a dip on the curve
at the upper end as shown. To obtain the ideal point b, the
gtraight portion of the curve bgeg is extrapolated back to inter-
sect the curve from a, which represents the regular cooling of
the mags, The point ¢ is obtained in the manner described above,

Fig. 11 shows the form of the curve where there is a

eutectic on the enuilibrium diagream. AT b The equilibrium line

3

i
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crossed, i.8., scolidification commences, and then cooling occurs
as before along the curve bee. The horizontal cd represents{the
separation of the eutectic mixture, during which the temperature
remains constant. The point d is obtained by the production of

the straight lines cd and de to intersect; then the line cd gives

the theoretical or ideal halt,



Pig. 11

Supercooling is the most common cause for the deviations
found in actusl practice but this phenomenon is very rare in
metallography. A supercooling effect will occur if the second
component does not appear at the eutectie, for the mother liquor
will become unduly rich in this component and the temperature
will fal1ll below thaet of the true eutectic., The temperature will
rise back to thé eutectic temperature as soon as this component
does appear, but, since it was in excess in the liquid, some of
it will remain liquid sfter the eutectic solidification has be-
come complete. This will continue to solidify and therefore the

shoulder of the curve at d will be exaggerated,

Other Methods of Investigation

In addition to and, very freguently, in conjunction with
the methdd of thermal analysis in metallograpnic investigation,
the microscopical examination of polished surfaces of sections of
alloys is used.

Certain characteristie patterns are exhibited on the sur-
faces of alloys which have been etched by some reagent and these
depend upon the position of the freezing point of the alloy onthe

gquilibrium curve, The type of microscopic structure which alloys

will display can often be predicted if we have a knowledge of the
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complete freezing point curve of the mefals which form the alloys.

If we examine an alloy which has a freezing point near a
summit on the freezing point curve, we find thst the whole section
is comprised of one substance which may or mey not show very fine
boundary lines marking out the separate crystals. These lines are
most usually seen as three intersecting lines at the points where
the crystals meet.

When either one or the other compénent is added to an alloy
and the freezing point curve is followed down from a summit, these
lines between the polygonsl sections of the crystals bpecome more
and more distinct. They form a sort of tesselated pattern with an
irregular polygon, generally without re-entrant angles , as the unit,
Very often these polygons approach s hexagon or have sSomewhat round-
ed angles, forming what might be referred to as a blob., It isg due
rather Ho the limitation of space in which the crystals grow, than
to any peculiarity of crystal structure that the hexagonal shape
is assumed. AS more of the component is added and we pass further
down the curve, the spaces between the polygons widen and are filled
with a substance which is different from that of which the polygons
themselves are composed. This material between the polygons gred-
ually increases in amount until it forms & continuous network in
which the polygons, or blobs, form patterns. This pattern is
sometimes one of rectangular crosses but more often consists of rows
of blobs from which other rows branch, and these blobs are often
oval or elongated., These rows of blobs become smaller in area as
a minimum freezing point ie approached and, when the substance
between them is examined under a high power, it is seen to consist
of a fine patiern of two substances, one of which is the same

substance as the blobs. At the minimum freezing point or gutectic,
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the whole alloy consists of this finer pattern which is charact-
eristic of a eutectic ailoy. When still more of one component is
added and the freezing point oauéed to rige, we get & similar
pattern to that obtained before, i.e., large blobs surrounded by
a finer pattern, but this time, the blobs are seen to consist of
the second substance which comprises the network. That is, the
two constituents of the alloy have changed places in the structure.
To explain this characteristic structure in alloys, we cone-
sider the solid alloy ss an interwoven mass of branching crystals
immersed in a mother substance which did not solidify until the
crystals had formed. This picture may be made somewhat clearer
if we consider the following analogy. Imagine a thicket of fir
trees whose branchés are at right angles to their stems and whose
stems are not all vertical., If a plane were taken through such
a thicket at an angle to the verfical, the restlting section
would show patterns similar to those described above. If the stems
ley parallel to the plane of seétion and in it, the pattern would
be one of lines at right angles to each other. If the stems were
not actually in the plane we should get rows of dots and if the
Stems were at an .angle to the plane of section, the dots would
be elongated. These considerations and the faet that the rows of
dots are straight, indicate that the large pattern of blobs and the
related polygons are the pure substance which crystallized first
and without constraint, since it was surrounded by liguid, and,
therefore, they may be referred to asc primery crystals. The sur-
rounding material is the mother liquor which did not crystallize
until after the first crystals had formed and So mey be said to
contain secondary and tertiary crystals. The marked absence of

crystal form in these primary crystallized blobs is probably due to
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the fact thet they are what Lehmann calls "ofystal skeleton".
If the interstices of such crystals become filled with subordinate
crystallization of the same substance, the resultant crystal will
be somewhat rounded in shape. Prolonged etching mey partislly
reveal a structure which may be that of the original crystal
skeleton.

Anothe r method which is becoming increasingly important
in the investigation\of metallic alloys is that of the study of
alloys by means of X-rays. A great deal of valuable inform-
ation as to the structure of matter in the solid state has bheen
found by this method of crystal analysis. Von Lsue was the
first to discover the application of X-rays to the study of
erystal structure and the present methods of investigation hgve
all been developed from his classical experiment of the diffraction
of X-rays by the crystal lattice., The reflection method, developed
by W.,H. and W.L. Bragg, and the powder method, due to Debye and
Scherrer, are both used to determine the arrangement of struct-
ural units in the crystal lattice and also the absolute dimensions
of the lattice itself. The X-ray method is of prime importsance
in the study of the solid phases, since’changes in the solid state
are demonstrated without doubt, even though the solid phase may
be opaque and microcrystalline in structure. The identification
of these changes, before the X-ray method was developed, was
based on the fact that many of the physical properties change discon-
tinuously, or change differently with respect to temperature, at the
transition point. However, although in many cases these provead
satisfactory, in other cases the method failed, due to the fact
that the magnitude of the discontinuous change was too small to

be recognized or because the system remained metastable. This
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latter behavior is very frequently found in the case of allotropic
modifications of metals,

3ut, as long as they have difterent space 1attices, Crys-—
taline solids are considered to exist as separate phases, no
matter how small the difference between thelr physical properties
may be. This difference in space lattice is the most fundamental of
all properties and, in substances whose crystal forms are fre-
quently opaque and distobted, this progerty becomes very important
in the identification of the separate so0lid phases,

These three methods of investigation, the thermal, the
microscopical and the X-ray, are of primary importance in the study
of metallography. If they are suitably applied and combined,
these three methods will reveal the principal facts concerning
the equilibrium of two components, Other methods mey be valuvable
in certain instances and sometimes may be indispensable but they
must be regarded as subsidiary to these three in the range of
their applicability. The following are the most important of
these subsidiary methods:

(1) The electrical conmductivity

{2) The magnetic susceptibility

(&) The electrode potential

(4) The hest of mixture of the molten metals

(b) The intensity of reflection of light

(6) The gtomic heats of the components and the alloy

(7) The specific volume of allcy and components.
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Previous Investigations

The first reference to the alloys of aluminium and lead
was found in a paper by A. Wright® , vwho stated that aluminiwm
and lead form tw layers when melted together. Analytical deter-
minations of the two layers after they had been kept at a temp-
erature of from 750 - 850°C for about eight hours showed that the
aluminium-rich upper layer contained 1.91% lead and the lower
lead-rich layer contained 0.07% aluminium. Somewhat later,
Pecheux? claimed to have obtained three layers With these metals.
He melted the me tals, mixed them by stirring and then poured them
into a mold. He stated that in alloys with more than 10% lead
there were three layers formed, an alloy of lead and aluminium
between layers of pure lead and pure aluminium. Analysis of this
middle layer gave from 3 - 10% lead. Alloys of 2, 5 and 7% lesad
.were stated to have given three successful alloys without lig-
uation, whose densities decreased with the decreese in the amount
of lead, Their fusion points were near that of aluminium and
rose from that of the alloy with 7% to that of the one with 2%
lead. His work, however, seems to be discounted by later dis-~
coveries including the results obtained by this writer. GWyer5,
also, conducted an investigation of the alloys of lead and alum-
injum and found that there were two halts on the cooling curves,
one at the melting point of pure aluminium and the other at the
melting point of pure lead, corresponding to the formation of
two almost completely insoluble liguid layers. He states,
however, that alloys with 1, 2, 3 and 5% lead showed primary

separated crystals of aluminium surrounded with secondarily



formed lead, indicating that crystallization had begun with an
emulsion of lead in aluminiwm. That is, in these alloys the
formation of two layers had not taken place before the beginning
of erystallization. This seems incompatible with his identif-
ication of the first helt point with the freezing point of pure
aluminium. Two layers had, however, formed in alloys containing
from 5 - 99.5% lead since the cold regulus showed two layers,of
pure lead and aluminium with a slight lead.content,whioh was
detectable microscopically. More recently, Claus® hes stated
the t aluminium and lead are slightly soluble in each other in the
liquid state, and also that up to about 5% lead is taken up by
the aluminium in, however, colloidal, not true solution. The
latest investigation is that of Hansen and Blumentha17, who
investigaéed the system by taking cooling carves., They found s
depression of 1,50 X 0,50 in the freezing point of aluminium
produced in alloys with 3, 5, 7 and 24% lead. They noticed no
~similar effect produced on the freezing point of lead by the

addition of sluminium.
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Experimental

(1) The apparatus and its calibration:

The complete set up of the apparatus is shown in the
sceompanying Plates I and II and Pig. 13.

The furnsce used for the melting of the alloys, and in
which the cooling curvwes were taken, was of the electrical res-
istance type; 1t was capable of maintaining a temperature of
9500¢ for a long period of time, while a temperature of 10009¢
could be reached, In the determinations of the cooling curves,
the furnace was cooled graduslly, in accordance with Plato’s
method of cooling, by means of two rheostats connected in Series
with it; these were calibrated so that when the slider was moved
along one division per minute, the furnace cocled at the rate 6f
about five degrees per minute., Through the cover of the furnace
two holes were made to accomodate the thermoecouples; these holes
were made large enough to permit of free movement of the thermo-
céuple casings by means of which the alloys were stirred.

The thermocouples used in the temperature measurements
in the thermal analysis were of platinum : platinum—rhodium
(10% rhodium). The wires were kept separate by inserting them
in a double-bored sillimanite tubing which, in turn, was enclosed
in another sillimanite tube to protect the Jjunctions from the
sction of the molten metals. One thermocouple was inserted in
the molten alloy and connected through a sensitive galvanometer
to a potentiometer. The temperatures of the alloys were thus
measﬁred by means of readings on the potentiometer, However,

the temperature, as obtained from the reading on the potentiometer
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does not represent the setual temperature of the alloy, since
~the formulaé derived for the e. m. f. of a thermocouple are
based on the assumption that the cold junction, i.e., the points

at which the wires of the couple mske contact with the leads,

are at 0°C. Thus, it is necessary to add to the temperature ob-
tained from the potentiometer readings, the temperature that the
thermocouple leads are acfually at, in order to obtain the true
temperature of the alloy. To get the temperature of the leads,
one was passed through a test tuEe which was contained in a
beaker of water at room temperature; a mercury thermometer in
this beaker gave the temperature of the cold junétion which

must be added. The potentiometer used was capable of measuring
107% volts and thus the sensitivity was found to be equivalent bo
a-change in temperature of 0.1%. The'seeond the rmocouple was
placed in a neutral body in the furnsce and was connected dif-
ferentially with the first thermocouple through a delicate re-
flecting galvanometer. This is a separate circuit from that
through which the first thermocouple was connected with the po-
tentiometer. The neutral body that was used consisted of a copper
cylinder of approximstely the same thermal capacity as the alloys;
& hole was bored in its center, sbout two-thirds of its depth,

in which the thermocouple was inserted., This neutral body was
employed in accordance with a method propdsed by‘Sykeszin de~
termining the temperature difference between the alloy and the
enclosure. When both the alloy and the neutral body are cooling
at a normal rate, the temperature difference between them remsins
practically eonstént or, in any instance, changes at a constant

rate. However, when some thermal effect takes place in the alloy,
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its rate of cooling is changed and, since the neutral body cools
at the same rate as before, there will be a sharp change in the
temperature difference between them. This shows up in the re-
flecting galvanometer as a sudden, sharply-defined deviation from
the original temperature difference. Thermal effects can be
measured in this way with much greater sensitivity than by taking
only the direct cooling curve of the alloy.

To. calibrate the thermocouple, several pure metals whose
- melting points were known were used, namely, tin - 251.900;
lead - 327.3°; zinc - 419.5%C; aluminium - 668.7°C. 4 calibration |
curve was plotted of these temperatures against thé potentiometric
readings obtained for them, The ecalibration was checked st inter-
vals throughout the investigation by means of‘pure lead and pure
aluminium. The differentially connected thermocouples were cal-
ibrated in the following masnner. The couples were each placed
in a bath of water, one of which was kept at room temperature.
The other bath was gradually heated and, at intervals of one min-
uts, readings were taken of the temperature of each bath and of
the displacement on the scale of the réflecting galvanometer. In
this manner it was found that a difference in tempersture of 1°¢
between the thermocouple junctions was represented by a displace~

ment of 3.6 mme in the eyepiece,

(2) General Method of Procedure:
The lead used in the‘investigétion was pure assay lead.
The aluminium which wasnused in the first rart of the work was
commercial aluminium with a purity of 99.2%. An smglysis of

this aluminium gave the following results:



Si sesecsscesconss 0.25%

TE oecesccescsssscs 0a58%

Al  ceceseccocssess remainder

However, after the investigation had been nearly completed,

there was obtained some aluminium with é'purity of 99,95%, and
the salient points of the diagram were checked with it. The
analysis of this sluminium was given as follows:

S eececsecccsoscse 0s007%

PO ooscesecesccnse 0s01%

CU soocscecacssccce 0s029%

Ti secescccessasss 0s001%

Al  cecoosscssessss balance

The total weight of the alloys prebared was in most cases

fifyy grams, although in some cases, in particulaf those in which
equal volumes of lead and aluminium were mixed, a greater wéight
was taken., The alloys were prepared by first melting the alumin-
ium in a crucible snd then adding the appropriate amount of lead
and stirring. The most satisfactory type of crucible was found
to be an alundum crucible; glazed porcelain crucibles were also
employed, but mhese were found to crack readily when the alloys
were cooled, It was also‘found ai £fficult to remove the alloys
from these porcelain crucibles since the'metals seemed to have a
corrosive effect on them which caused a close adherence of the
alloy amd cruciblé. The alundum crucibles did not crack nesrly
so readily, nor did the metals seem to attack’them as strongly.
After the alloys were melted, the thermocouple was inserted and
the temperature of the furnacé was raised above the meiting point
of the alloy and kept constant at this point for a period of time.

The furnace was then cooled by the method described previously
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and readings were taken simultaneously on the potentiometer and
reflecting galvanometer every minute. The direct cooling curve
for the alloy and the curve for the tempera ture difference be-
tween the alloy arni the enclosure were then plotted on the same
graph. The instent at which the solidification of the alloy
begins, shows up as a sudden break on the temperature difference
curve; the temperature of the alloy at this instant is obtained
from the direct cooling curve amd this temperature taken as

the freezing point of the alloy.

The battery graduslly ran doWn in the course of the deter-
minations and so it was found necessary to balance it against a
standard cell before each determination. This was accomplished
by means of a variasble resistance connected to the battery.

In order to define the mutusl solubility curve of lead
andvaluminium, the compositions of the two layers at temperatures
above the melting point of aluminium had to be found. To accom-
plish this, mixtures of equal volumes of lead and aluminium were
raised to temperatures at which the upper layer was molten, and
then quenched, and each layer analysed, The  quenching of the
alloys was done by plunging the crucibles containing them into
a large beaker of ice water. The transference of the crucilbe
from the furnaee to the beaker had to be made as rapidly as
rossible, so that the alloy would not cool off too much before
quenching., This method of quenching was not found very satis-
factory, however, since the 1ibenation’of gteam duriné'the gquench-
ing was quite violent and sometimes caused & eertain mi#ing of
the two layers. A very much better method of qﬁenehing was found

in that described by Ruer and Birens, This consisted of pouring
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the molten alloys into a thin steel mold. This mold, whiech is
shown diagrammatically below, consisted of three thin Steel prlates
bolted together with the center one cut away to form a narrow

mold.
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These plates are held together by nuts and bolts which can be
loosened in order to facilitate the removal of the cast alloy.
In the quenching carried out in this investigation, the mold
was covered with a wet cloth whiech served to hasten the cooling,
As before, fhe alloys were removed from the furnace and poured
into the mold as quickly as possible;

Rach alloy prepared, after cooling éurves hsd been taken
on it, was cut, analysed and examined Microscopioally as des-

cribed below,

(3) Chemical Analysis:

| Samples of froﬁ 0.5 to 1.0 grams in weight'were taken from
the alloys by boring and were dissolved in nitric acid of about
50% Strength. The aluminium was first precipitated from the
solution as basic scetate, filtered off, redissolved in hot

dilute nitric acid and finally precipitated as hydroxide.
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This precipitate was ignited and weighed as Al50z and the per-
centage of aluminium determined from it. The lead was precip-
itated as chromate from the combined filtrates which were made
strongly acid with acetic acid and filtered through a Gooch
crucible., The precipitate was dried at 120°¢ for two hours
and then weighed as PbCr04 and the percentage of lead calculated

from it.

(4) WMicroscopic Axamination:

The alloys to be éxaminea were cut fhrough vertically
by means of a hacksaw. The‘roughness left by the saw was re~
moved with files, the surface being made as smooth as possible
with them, The alloy was then taken on to a coarse emery paper
and polished in one direction mntil the scratches left by the
file had been removed. In the polishing, the emery paper was
placed on a glsss tile for support and the Specimen was rubbed
backwards and forwards with a slight pressure, care being taken
to keep the specimen flat on the surface. The polishing was
then continued on emery papers of successively finer grades,
the specimen being'turned through an angle of 90° so that the
new scratches crossed the old ones at right angles, The spec~
imen was polished‘on each paper until the scratches left by the
previous one had been removed. When the alloy was removed from
the last paper, no scratches were visible to the naked eye.
For the finam1l polishing, the alloy was taken on to a revolving
wheel over which Was Stretched & felt cloth. The polishing

powder used was levigated alumina which was applied to the wheel
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a8 a suspension in water., The final surface obtained showed
no scratches when eﬁamined under the microscope,

For examination under the microscope, the Specimens were
mounted with plasticine on glass slides by means of a mounting
stand. The microscope used in the examination of the specimens
was of the ordinary metallographic type.

In order to bring out the structure of the alloys more
clearly, various etching reagents were used. The etching re-
agents tried in the course of the investigation were the followe
ing: 10% solution of nitric aecid, 20% solution of sodium hyd-
roxide, bromine water, 20% solution of sodium carbonate. The
most effective of these was found to be the nitric acid sol-
ution. In the process of etching, the specimens were placed in
the solution with the polished surface uppermost and allowed to
remaih there for from five to ten minutes, depending on the
aluminiam content of the alloy; those with high aluminium cone
tent required the longest period of treatment, The specimensg
were then removed from the etching solution, rinsed off first
in distilled water and then in alcohol, and finally dried.

Photomicrographs were taken of the etched surfaces of
various alloys by means of a Bausch end Lomb photomiecrographiz
unit, consisting of 2 simple box camera mounted on a vertical
support. To prevent streaking of the film by stray light from
the illuminating source, a light-tight connector was placed
between the eyepiece of the microscope and the aperture of the
camera., The seetion to be photographed was located, the camera
swung into plece over the microscepe, and the final focussing

obtained by means of & piece of frosted £ilm placed in the back
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of the csmera., The sensitized film was then substituted and

the exposure made .

(5) Hardness Determinstions:

The hardness of the alloys was determined by means of a
Brinell hardness-testing machine. The sSpecimen was placed on
“a plate, which was adjusted until the surface was horizontal,
and an indentation was made by means of a steel ball sustasined
under a given load for a given period of time. In these deter-
minations the steel ball used had a dismeter of 10 mm. and was
kept under a load of 100 kilograms for 50 seconds. The usual |
load employed in testing the hardness of metals is 500 or 3000
kilograms, but with a2lloys having a high percéntags of lead
this load was found to be too great. Measurements of the in-
denta tion made by the steel ball were taken by means of a tele-
scope having a scale in the eyepiece. Two measurements at right
angles were taken on each indentstion and the mean of these was
considered to be the true dismeter. Three determinations were
made on each alloy tested., The degree of hardness of the ailoy
was given by the Brinell number which is calculated from the
following formula:

P

s

B =

where,

Brinell number
Load applied (in kilograms)

= Diameter of the steel ball (in mm. )

E=THE - B
1

- Diameter of the indentation (in mm.)



RESULTS AND CONCLUSIONS



48y

Discussion of Results

The thermsel amalysis of the alloys of aluminium and lead
showed that, on the cooling curves taken‘for mixtures contain-
ing from 5 - 80% aluminium by weight, two distinct halts could
always be observed. With alloys coﬁtaining less aluminium or
more aluminium than this, there was only one halt, the temper=~
ature of this being dependent on the particular metal forming
the main constituent. The temperaturse of the higher halt was
found to be slightly below the melting point of pure aluminium,
and that of the lower ﬁalt to be just below the melting point
of pure lead., The temperatures of the halts which were found

for the different alloys are given in the following table:

Table I
Composit. of alloy Temp. of the Tempe. 0f the
Weight % Al lower halt upper haly
0 327.3% | -
5 325.75° 652,159
10 528 ..75° 657.1°
20 4 52369°  654,0°
40 323,50 654..75°
80 - 654, 65°
99 - 653,9°
100 _ - 658,7°

The depressions of the freezing points of both pure metals

are very slight and, moreover, there is some variation in the
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halt temperatures. Therefore,a check was made on the two halt
points by substituting for the neutral body, crucibles of alum-
inium and lead successively and conducting the thermél analysis
8s before on én alloy containing 50% aluminium, i.e., cooling
curves were taken. Here,.there is s8lso s halt occurring in the
cooling curve of the neutral body and the temperature difference
between the alloy and the neutral body will remain constant while
the neutral body is solidifying. This temperature difference
therefore gives the amount of the depression of the freezing
point of the'pwre metal. The higher halt was checked by substit-
uting pure aluminium for the neutral body, and the lower halt by
substitution of pure lead. In this manner, the temperature of
the higher halt was found to be 657.1°C, taking the freezing
point of the pure aluminium as 658.7°C, and that of the lower
halt, 325.19C, taking the freezing point of pure lead as 327.3°C.
The results of the analyses of the various alloys are

given in the following table:

Table IY
Comp. of alloy %age Bb in upper %age Al in lower
% Al layer _ layer
5 - 0,187
10 ‘ 9,96 0.262
20 8,95 0,078
40 0.88 -
80 3. 88 -

The analyses of the lower layers gives the composition
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of the eutectiec; this procedure would not be permissible, how-
ever, if the equilibrium cufve had any appreciable curvature in
this region. Thus, the composition resulted as 0.15% aluminium
and 99.85% lead.

The analyses of the upper layers of the alloys showed that
‘the smount of lead contained in them depended on the rapidity
with which the alloy had been cooled, as much as 9.96% being
found in one. The possibility of a peritectic point, with com-
pound formation, could not be excluded, however, and so one alloy
was kept at a temperature of 500°C for twelve hours, at which
temperature the upper layer of the alloy was solid and the lower,
liquid. Analysis‘of the upper layer of this alloy showed that
the lead content had fallen to 3.88%. The process was repeated
with another alloy, with the time of heat treatment being twenty
hours at the same temperature as before, and the lead content
was found to have been reduced to 0.88%. It was concluded,
therefere, that a lead content of more than 1% did not repres-
ent an equilibrium condition but was mechanically held in the

form aef a colloidal dispersion. The density of such a disper-

25,1

sion containing 9.96% lead was determined to be, d4o

= 2.88,
while the mixture rule requires 2.90.

The composition of the point D on the diagram could not
be determined by direct analysis and the branch Di is too short
to permit of accurate determination by thermsl analysis, but,
gince the temperature of D was known accurately, the point was
therefore located by the intersection of the mutual solubility

curve with the temperature horizontsel through D. To determine

the mutual solubility curve, mixtures of equidl volumes of lead
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and aluminium were quenched fromdefinite temperatures above the
melting point of pure s luminium snd then analysed in order to deter-
mine the compositions of these points. The mixtures were raised,
without previous heating, to the desired temperatures and kept
there for from one to two hours. They were then quenched and
each layer analysed. The mutual solubility curve was plotted
from the values obtained in)this way and is shown in the eguil-
ibrium diagram (Pig., 12). On the lead side of the diagram the
curve ascends very steeply but, on the aluminium side, the slope
of the curve is somewhat gentler, ascending from a percentage

of lead of 1.16% at 672°C to a percentage of 1.7% at 800°C.

The projection of this mutual solubility curve through the témp—
erature horizontal of D gives the composition of the point D,
which was found to be 1.10% lead.

The question of whether the phase separating along the
branch DE of the curve was pure aluminium, or a solid solution
of lead in aluminium, was settled by heating an alloy containing
0.7% lead for 48 hours at 5000C, Analysis of this alloy then
showed that it contained only 0.18% lead. Therefore, the upper
limit to the solubility of solid lead in solid sluminium must
have this value,

The resulte that are detailed above were obtained by the
use of the commercial aluminimm which is only 99,2% yurs., But
after this work had been éompleted, some aluminium with a purity
of 99.95% was obtained from the Aluminium Company of America,

It was thought that the impuritieé in the commercial'aluminium
might have had some effect on the results obtained and so the
salient pointe on the diagram were checked using the purer alum-

il’lium.
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In checking the depression caused by aluminium in the
freezing péint of lead, a mercurial tﬁermometer was used in‘the
measurement of the temperatures. A number of methods of find-
ing the freezing point depression Weré tried, including the use
of Rast's electrically heated melting point determination appar~
atus. In the investigation by this method, capillary tubes into
which had been introduced pure lesd and lead with & few percent
of aluminium were placed on either side of the thermometer in
the apparatus and the temperature was raised very slowly. The
tubes were observedlverywoarefully all the time in order to see
whether the addition of aluminium caused a depression in the
freezing point of lead and how much this depression was, The
method was unsuccessful, howevér, for it was found impossible
to melt either of the metals within the temperature range of the
thermometer. The method that was found the most satisfactory
was that of inserting the thermometer directly into the molten
metal and taking a cooling curve, The thermometer bulb was pro-
tected by enélosing it in a glass tube; this tube was filled with
mercury in order to ensure good thermal contact. The metal was
contained in large pyrex test tubes, melted over a burner, and
then put into a hot 0il bath which served +to slow the rate of cool-
ing somewhat. Readings of the temperature were tsken every
minute until the metal had solidified and the cooling eurve’
was plotted from them. The horizontal portion of the curve was
taken as the freézing point of the metal. Cooling curves were
flrst taken on a sample of pure lead, then sufficient aluminium
was added to give an excess over the amount required in the
eutectic and other curves were taken, and finally, the alloy

was analysed. By this method it was found that a depression of
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0.,5° * 0,1° was produced, The composition of the eutectic was
found to be 0.025% aluminium, 99.975% lead. The difference in
the percentage of aluminium between these results and those ob-
tained before is, in all probability, due to the relatively |
large percentage of iron which occurred gs impurity in the con-
mercial aluminium used in the first case. The lower layer of
lead would form a sort of sink in which all this iron would cole-
lect and the results of the analysis for aluminium would inelude
this iron and would therefore be much greater than it should be.

To check the mutual solubility curve on the lead side of
the diagram, an alloy containing about 0.5% aluminium was heated
to 800°C, kept at that temperature for a few minutes, and then
quenched. Analysis then showed the composition to be 0.017%
gluminiume. This value represents a somewhat lower value than
that obtained for the eutectic composition, but the difference
represents an error which is beyond the limits of experimental
accuracy. Therefore, the two values were averaged and the mean
value plotted for both points on the equilibrium diagram.

A check was also made, on points on the sluminium side of
the diagram. The melting point of the pure aluminium was deter-
mined and found to be slightly higher than that of the commercial
aluminium. Thus, the value of 66000, which is giVen by Hansen
as the melting point of aluminium, was taken rather than the
value 658.7%C which was stated before. 5% lead was added to the
aluminium and a cooling curve was taken on this alloy, using as
the neutral body a crucible containing pure aluminium, as was
done before., In this manner, the depressioﬁ caused by lead in
the freezing point of aluminium was found to be 1.5° * 0,1°,

Therefore the temperature of the horizontal through D in the
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equilibrium diagram now becomes 6589500 t 0,19,

To check the solubility curve on this side of the dia-
gram, an slloy of aluminium containing an excess of lead was
heated at a temperature of 748°C for about sixteen hours and
then cooled and analysed, The results of the analysis showed
that the difference in purity of the aluminium used had little
or no effeet on these points. Thus, the composition of the

point D remained as 1.10% lead, 98.9% aluminium.

Summary of Zquilibrium Data:
The equilibrium diagram which is shown in Fig. 12 was

constructed from the following data:

Point (see diagram) Composition Temperature

A - 100% Pb 327,390
B (eutectic) 0.021% Al 326,89
D‘(interpolated) 1.10% Pb 658,5°

i 100% Al 660,0°

P 1.16% Pb 6720

G 1.40% Pb | 7300

H 1.5% Pb 7480

L 0.021% Al 80090

M 1.70% Pb 800°

It was thought that the Raoult - van't Hoff relation
might apply here, since the mutual solubilities of the alumin-
ium and lead are so small; therefore, approximate agreement
between the calculated. freezing point depressions and the values

found experimentally might be expected.
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The van't Hoff formula states that,

g = 0.02 x T®
1

where X is the freezing point constant, T, the absolute temp-
erature of the freezing point and 1, the heat of fusion.
Therefore, we have for the two metals,

(02 x (327.3 4 273)5
5.86

Kpp =

= 1230,

ttatreresnotn
p——— 4

.02 x (660 {4 273)%
76,8

=
b
ok

11}

227

reniacs &
—_—

Assuming that the dissolved metals are in the atomic

condition we have the following results:

Tobs., Tcalc_.
Pb as solvent 0.59 0.9°
Al as solvent 1.59° 1.2°

Thus it is apparent that the calculated values agree

closely with the depressions actually found,

The microscopical examination of the salloys did not re-
veal anything of very great importance. The pure metals ghem—
selﬁes, however, presented characteristic appearances, Wﬁén
etchéd with nitric acid, lead showed a crystalline surface;

the photomicrograph of pure lead (Plate I1]) does not show this
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very clearly since it was found impossible to‘get the whole
surface in focus in the photograph. The surface of pure alum-
ihium shows a characteristic structure consisting of grains

with a roughly hexagonal or polygonel outline. The polygonal
outlines evidently represent a fairly“coafselyuerystalline state.
The eutectic structure was not distinguishable since the percent-
age of aluminium in it is so very small. 1In the upper layers of
glloys which contained & dispersion of lead, the characteristic
structure of aluminium was still visible but there seemed to be
some heterogeneity along the grain boundaries which is, presum-
ably,. ledd. All the photomicrographs were taken of polished
surfaces which had been etched with & nitric acid solution, with
the exception of PlateIV ,A ; the etching reagent used in this

case was a 20% solution of sodium carbonate.

The Brinell numbers that were found for the various alloys

tested are given in the table below:

Table ITII
% ag lead in alloy . Diam. of indentation Brinell No.

0 {(commercial Al

99.2%) 2.8 mme 15.9
0 (99.90% Al) 3,05 mms. 13.53
0 (99.95% Al) Bo45 mm. - 10.36
1.67% (in pure Al) 2,99 mm, 13.8
0.7% (in pure Al) 2,72 mm. 16,7
9.96% (in commercisal
Al) 3,01 mm. 13,7
0.18% (in commerecial
Al) 2.77 mm. 16.3
100% 5.25 mm. 4,24
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From the values given above, it appears that the commer-
cial aluminium is considerably harder than the pure aluminium.
Addition of lead seems first to make the aluminium hard and then
to cause a softening effect. This is due very likely to the

manner in which the lead is takernn up by the aluminium,
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Coneclusions

An investigation of the alloys of aluminium and lead has
been carried out and the following are the main points that were
established:

(1) The equilibrium diagram of the system aluminium - lead
exhibits two invariant points. One of these points is a eutectiec
at a temperature of 526.8°C, corresponding to 0.021% aluminium.
The other is the equilibrium point of the two liquid layers and
so0lid aluminium, and occurs at = temperature of 658.500 and a
composition of 98,9% aluminium.

' (2) The mutual soiubility of liquid lead and liquid aluminium
is small below 8009, but, presumably, it increases more rapidly
above this temperature.,

(3) Liquid aluminium can take up as much as 10% lead in the
form of an emulsion, or possibly colloidal suspension.

(4) Aluminium and lead are mutually insoluble in the solid
state.

(5) The addition of lead to aluminium first hardens the slum-

inium and then causes a softening effect.

In coneclusion, the writer wishes to express his apprec-
iation to the Departments of Geology, Engineering and Zoology
for the courtesy shown him in allowing him the use of certain

apparatus.
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