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INTRODUCTION
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Historical Introduection

There has been some difference of opinion as to the origin
of the word ™alloy", but according to Roberts-Austen it is
derived from the Latin word alligo (ad ligo) "to bind to", and
refers to the union or binding together of the metals ceﬁstituting
the alloy,

Perhaps the most satisfactory definition of an alloy is that
given by the Americen Society fér Testing M&terialsév, which
defines an alloy as "a substance having metallic properties,
consisting of two or more metallic elements, or of metallic and
non-metallic elements, which are miscible with each other when
melten; and have not separated into distinet layers when solid."
However in the commercial sense the term "alloy® would also |
inelude the case where some separation into distinet layers had
taken place;

From the earliest times alloys were produced accidentally

by the simultaneous reduction of mixtures of metallic ores,

" but there is little doubt that the first metals to be

intentionally alloyed were the precious metals; gold and silver,
in order tovfaeilitate working, or for the purpose of coinage.
The word alley’is sometimes used to imply a sense of depreciation
or a lowering of value, This is etymologieally incorrect
however, ané'prebably has its roots in early fraudulent attempts
to substitute base metals for precious ones in varying
quantities.

?he'impertance of the study of metallie and non—metallié

"alloys is evident when we consider the extent to whieh they are

empleyed; Elementary metals are few in character but by the
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judieious selection of metals, alloys of greatly varying
characteristies may be predueed; Industrially the importance
of alloys cannot be over-emphasized., TFor example, pure iron
is a commercial rarity, while steel, an iron-carbon alloy,
which is probably the most important of the alloys, is
omnipresent. Its uses are manifold-an industrial necessity.
A few more striking examples may be called to mind, such as
the high-speed cutting steelé; modern guns and armour-plate,
armour-pierecing prejeetiles; non~-corrodible alloys for the
construetion of veSseis for chemical manufactures, new light
alloys of remarkable strength and durability utilised in air-

eraft and many others too numerous and now accepted as too

- commonplace to be mentioned,

However it is not only in the evolution of new and
strikingly important materials that the importance of the
study of alloys lies; but in the light thrown on their
strueture, which gradually is revealing more and more
knowledge regarding the solid state of matter., The early
studies of alloy systems, while of very little practical
value at present, are however important because of the fact
that it was then realized that the chemical constitution of
an alloy governs the chemical, physical, and mechanical
properties of that alloy. Thus the properties of an alloy
éould easily be predetermined, depending on the nature and
proportion of the compounds which are formed, as well as the
isomorphous mixtures which eécur.

Metals and alloys obey the same physico-chemical laws

that govern mixtures and solutions. The fact that they are
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considered as a class apart is due, no doubt, to their very
great practical importance,

Desch48 defines ™metallography" as the study of the
internal structure of metals and alloys, and of its relation
to their composition, and to their physical, chemical and
mechanical properties. It is a branch of physieal chemistry,

since this internal structure will undoubtedly depend on.the
| physical and chemical conditions under which the alloy is
formed and thus the study of struecture resolves itself down
to a study of equilibrium in heterogeneous condensed systems.
However, where physical chemistry concerns itself generally
with the nature and relative quantities of the phases in a
system, and the energy transformetions whieh accompany
chemical changes, metallography also deals with a further
variable-the arrangement of the component particles in space,

Observations on metals in some form or other go back as
far as the uses-of metals themselves, and metal objects of very
great age have been found; In that vague sense the study of
metallography could very well lay claim to great antiquity.
However as a self-contained secience itvmust be considered to
be only of very recentv@rigin. The great modern growth of
interest in the study of the structure of alloys received its
first great stimulus with the application of the microscope to
the Study of metals,. |

Robert Hooke in his "Mierographia® in 1665 described the
appearance of lead erystallizing from its alloy with silver,
This is probably the first recorded mieroscopic metallographiec

investigation., Réamur, in 1722 began the technique of examining
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fractured surfaces under the microscope and in a very carefully
thought-out paper made some classical observations on the
structure of steel and the hardening effect produced by
quenching; Grignon; a French irommaster, in 1775 described

and illustrated crystals of iron found growing into the
cavities of castings,

Examination of fractured surfaces very obviously has its
limitations and very little progress was then made until
ﬁiénanstétten discovered that certain meteorites when cut and
polished developed a characteristic structure on heating in
air., Some time later he discovered that etehing with nitrie
acid gave even better results and thus laid the foundations
for the study of etch-reactions and identified the characteristic
structure which still bears his name,

Henry Clifton Sorby49 must however be entitled to the
eredit of being the founder of metallography, since he devised
a systematic technique for the preparation and examination of
micro-sections. Unfortunately the practical applications of
his systematic work were not perceived at the time éven though
théy were made at Sheffield, the centre of the British steel
industry., Martens in Germany, and Osmond in France;zneither
of whom were aware of Sorby's earlier work independently
confirmed it, and did much to contribute to the advancement of
the badly neglected science. Among other early workers in this
field should be mentioned Werth, Grevet and Charpy of France,
Heyn, Wust, Wedding, Stein in Germany, Andrews, Arnold, Roberts-

Austen and Stead in England, and Howe and Sauveur in Amerieca.
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Discussion for quite a while centred itself on thé
eontroveréy as to whether alloys should be regarded as chemical
compounds or merely mechanieal mixtures. Levol systematically
bégan the somewhat laborious process of examining series of
alloys and showed that only very few remained homogeneous
during the process of crystallisatieﬁ,;others being capable of
separation into more fusible or less fusible parts. ~Several;
alloys proved to have a comstant meltiﬁg point e.g. the‘alloy
of silver and eépper in the prepertien Agseug was found to
possess this property. Levol therefore considered this 0 Dbe
a definite e@mpeund;‘ However, more recent research has br@ught'
to light the faet that this is the eutectic mixtare“ef the-;'
metals, which do not‘f®rm an inteﬁmetallie‘compound; NeverthelésS;*
research‘aleng‘this line marked a great advance in the stuﬁy‘ef‘  ﬁ
alloyse | ; “‘  ‘
| Matthiessen®® was the first to apply the methods of physical |
chemistry to the study of alloys. He studied the physiaal |
properties of the allays; such as density, eendﬁetivity, andt 
thermo-electric power. This lead him t@‘regaré‘all®ys és‘ o
solidified solutions, containing, or nét eontaining compounds
depending on the metals chosen, He realized that the changei

in properties sheuld‘be continuous and that the appearance of a

‘compound would produce a discontinuity. This was the beginning

of many such experiments.

The next great advance was the discovery of Raoult's Law

: of the Depression of Freezing Point. The applieatian,efvthis

law o the study of alloys was suggested by the fact that alloys

usually melt at a lower temperature than their camponents;‘f
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Thus began a whole series of investigations and the
publication of freezing-point curves of many binary systems,

Juptner and Le Chatelier sugegested the application of
Gibbs Theory of the Phases and the first important application
of this was made by Roozeboom in a classical papersl in which
he constructed a complete diagram of the results obtained in
the thermal analysis of the iron-carbon system. Although |
many changes have been made in this diagram by numerous
investigators, yet its original substance has remained,

Because it is the basis of the iron-carbon diagram, accepting
the existence of the three allotropie modifieations, and

because it was the first application of the Theory of the Phases
to alloys it remains an important document in the metallographic
and physical chemical annals,

Roozeboom®? in 1899 made another great seientifie
contribution when he reviewed the possible types of solid
solution, working from the theoretical standpoint of the phase
rule, The first important appliecation of this to alloys ether
53

than iron was made by Heycock and Neville““ who presented data

and photomicrographs which were ample evidence of the high
degree of accuracy and technical perfection attained in such
a short period of time,

The school of metallographers founded in Paris by Osmond
and Le Chatelier contributed largely to the advancement of the
study. In England the Alloys Research Committee under the
inspiring leadership of Roberts-Austen from 1891 upwards did
mueh to fufther scientific knowledge by the publication of an

important series of reports., On the death of Roberis-Austen
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this work was continued by W. Rosenhain with the assistance
of J. E, Stead and J. 0. Arnold.

No review of the history of metallography would be complete
without due reference to the work of G. Temmann, Beginning in
1903 a long series of contributiéns came out of the Gottingen
laboratory; A large number of binary systems were investigated
with the object of establishing regularities between alloys of
different metals, Though the data is mnot ﬁery accurate dée te‘
the crudity of ﬁhe scientific methods used and the impurity of
the~materials; yet his work served as a very definite stimulus
vand did mueh to aid in the accumulation of scientifie knewlédge;

Today relatively few binary metalliec systems remain
uninvestigated and quite a few ternary systems have been studied,
All of these are now serving to throw light on the internal -
structure and constitution of metals and alloys.,and to aid in

the evolution of general laws governing the solid state of matter.



THEORETICAL CONSIDERATION




(a) General Phase Rule,

The two great expressions describlng in a qualitative manner

all states and changes of equilibrium are the Phase Rule and the

(Theerem of Le Chatelier,

For many years prior to the enunciation of these two great
preeépts it was known that reactions do not take place cempletéiy
in one direction but go to a certain point, at which an
eguilibrium is set up and under those conditions no fuither
apparent change will occur. Wenzel in 1777 and Berthellet~in |
1799 both realized that this equillbrlum.mlght depend on the ;
nass of the substances present., Guldberg and %aag354, by their ; .

statement of the Law of Mass Action made it possible to aseertaln]

the conditions of equilibrium in homogeneous systems, ~Eewevér,

due to the faet that this law was based on kinetic and m@lecularf

theories, it eould not be applied to systems in which the‘numke& 
of different molecular aggregates or the degree of their QOleeular ;
éemplexity was not known. L

Pen years after the Law of Mass Action had been~prepeseé,‘
Gibbsss Sheweé'hew; in a perfectly general‘mammer, free‘fram;ali;flé
hypothetical assumptions as to the molecular condition of the
participating substances, all cases of equilibrium could be f

surveyed and grouped into classes, and how similarities in the‘

behavier of apparently‘differentkkin&s of systems, and

differences in apparently similar systems, could be expléined. ‘
As the basis of his theory, Gibbs adepted the laws ef
thermodynemies, a method of treatment which had at first been
empleyed by Herstmammsé Furthermere, Gibbs considered that a

system possessed three independent varlables, namely temperature,‘
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pressure, and the concentration of the components of the system;
(the action of gravity and other forces being excluded). He then
enunciated the theorem now known as the Phase Rule, by Whiehyhe
defined the conditions of equilibrium as a relationship betweéa-<
what are called the phases and thé components of the system.

By "phases"™ we mean any hamogeneoms, physically distinet and

- mechanically separable portions of a heterogeneous system.‘ 1n “

the case of water in equilibrium with its own vapor, there is the:‘l
llquld and the vapor phase, two in number., If there is a salt :
dissolved in the water, there are still two phases, the 1;qu1d
or solution phase and the vepor phase., If ice crystallizes,
there is added a solid phase and the nﬁmber becomes three. :If,f
in addition the dissolved substance separates in the solid f@rm‘
or as a second liquid layer, there will be four phases present
the vapor, liquid and two solid phases, or the vapor, solid
and two liquié phases as the case may be. Although the ice
separates in many crystals, yet eaeh is like every other in
comp031tlon and taken together ﬁhey constitute one phase, ‘Ifkthe‘
crystals were not alike, as is the case With rhemblc and monoclinae
sulphur, they would form as many phases as there were kinds ef k
erystals, two in the example just cited,.three if we have diamond,
graphite and carbon. A mixture of gases will form only oné‘phase  )
since gases are miscible iﬁ all proportions., The familiar fact |
that the vapor pressure is unaffected by the amount of liguid ;
preseﬁt and that the'solnbility of a solid in a liquid isfﬁ
independent of the emound of solid in contact with the solution |

shows us that any equilibrium is independent of the amounts;of

the phase, or phases, present,
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The components of a system are defined as the smallest
number of independently variable constituents, by means of
’which the eompesizian of each phase participating in the state
of equilibrium can be expressed in the form of a chemiecal
equation, For example let us take ice, water, and steam in
equilibrium. The system consists of three phases, namely solid,
liquid, and vapor, but the number of eamponents‘is only one, the
chemical constituent HZG. Hydrogen and oxygen; the constituents
of Water; cannot be regarded as components for enly at a much
higher temperature are they present ih the form of a stable
equilibrium, In & two-component system a choice of components
is permitted. Take the case of the CaC0z-Ca0-C0y equilibrium,
4% a given temperature, within certain limits, and after
~equilibrium has been established, there are three substanées
present: calcium carbonate, calcium oxide, carbon dioxide, While
these substances are undoubtedly the constituents of the~sy3tam
between which the equilibrium exists, yet they are not all to be
régarded as camponents;‘ It can easily be seen that they‘are not
mutually independent, but that by taking any two of these |
constituents the composition of the third is automatically
defined by the following equation,

CaC0z = Cal £ CO, o B
Thus taking the eomponents CaCOz and Ca0 the composition of each
phase can be expressed as follows:- |
CaCl0z = CaClg £ oCa0
Ca0 = Cal # oCaCOg
cac% - Cal

i

603
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Thus zero and negative quentities of the components are
permitted, but it is usual to simplify matters by avoiding
their use when making a choice of components,

In deducing the conditions for equilibrium in a
heterogeneous system, i.e., in dedueing the Phase Rule, Gibbs
regarded every system as defined by the three independent factors
or variables-temperature, pressure, and the concentrations of o
the components in each phase., Now in dealing with equilibriam
from the standpoint of thermodynamies, there are certain
"thermodynamic eriteria of equilibrium®™ which must be considered,
These eriteria take the form of thermodynamic equations containing
tefms called thermodynamie potentials, characteristic of each
[ccmponent, the equilibrium being reached when these potentials
reach certain values. By means of these equations it is possible
to fix the values of a certain number of the variables of the
system, in fact as many variables as there are equations. Bat‘
the number of variables actually possessed by a system may bé
greater then the number o6f thermodynamie equations., The
difference between the number of variables and the number of
equations gives the number of variables whiech are left undefined
by the equations, These variables, whiech are reélly variable at
will, are called the degrees of freedom of the systém. Findlay58
defines the number of degrees of freedom of a system as the
number of variable factors, temperature, pressure, and
concentration of the components, which must be arbitrarily fixed
in order that the condition of the system may be perfectly
defined, ,

For example the case of liquid water in contaet‘with Water

vapor is a two-phase, one-component system., We know from
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 experienee that these two phases can coexist over a considerable
range of temperature, without either disappearing or any new |
phase appearing; If we arbitrarily fix the temperature of the
system at 20°¢c, the pressure will take up a certain equilibrium '
pressure, namely the pressure of saturated water vapor at 20°Gp
and the system will remain in this state infinitely. On |
altering the temperature to another value (within llmlts),
other equilibrium pesitlons will be taken up., Thus we have one
arbitrary‘variabla‘and the system is said to be univariant.
If the temperature is lowered sufficiently, ice.will maké its
appearance, This is only stable at a single point, the triple
point, We cannot alter any variable without causing a phasé‘tc
disappear. Thus the system is invariant, The number of |
thermodynamic equations is now equal to the number of variéblaS'
and the degree of freedam is zero. o -

The original method of deducing the Phase Rule empleyed
by Gibbs is by no means simple and many alternatlve methods
‘have since been saggested byvvarioﬁs authors. The following
is due to Roberts®?, ;
o Consider the thermodynamiec equilibrium of a system of G‘
components and of P phases, Suppose that the pressure p and
the temperature T are the same throughout the system, and‘that‘
both remain constant, For simplieity it may be sappéséd £hat‘
the system is contained in a eylinder with a movable piston,
and that the pressure on the piston is kept constant while the
whole is contained in a constant-temperature bath, Supﬁése
that o

ml’ Mzs M5 cessssee MC
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are the masses of the various components in the whole system.
Further, suppose that the mass of component number 1 in phase

number 1 is M. and that the mass of component number 1 in phase

l
number 2 is M , and so on up %o E{ o In general the

1
subseripts will refer to components and the superseripts to
phases,
;The total thermodynamla petential of the system § is glven by~ -
the relatlon

b0 40 4164 .id

where ¢l is the thermodynamic potentisl of phase number 1, ¢
that of phase namber 2 and so on,

The thermodynamic potential of the first phase ¢l is
completely determined if we know the internal energy Ul; the
entropy S, and the volume V%1 of this phase, the relation
between theée‘qaantities being | |

gt = vl - sl 4 pV2 |
- and Ul Sl Vl, are completely determined if we know p, T, and
the masses Ml , etc. of the various components which are presen%
in the phase. Exactly the same may be said about any of the‘* .
other phases, |

The condition for thermodynamic equilibrium is, that f@r an

infinitesimal virtual displacement consistent with the external Lo

‘condltlens (i.e. T and p to remain constant) the change in
thermodynamie potential must be zere.
ices of =
sg £ 5" 4 s¢”’; cereet 587 = 0 ceee(l)
Sueh an 1nf1nites1mal displacement is ene in Whlch the i

masses)of the different components in the various phases change
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If all the 3M's were entirely arbitrary this equation could be
satisfied only if all the coefficients of these variations were
zero., This is, however, not the case since the total mass in

each component remains constant,
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Under these conditions the necessary and sufficient condition

for the vanishing of the left-hand side of equation (3)is
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Equation (5) gives the condition for the thermodynamic equilibri
of the system., It is important to remember that we have already
shown that all the gquantities occurring in equations (5) depend
on the composition of the phases and not on their total mass,

It will be noticed that in all there are

cC(P-1)

equations which must be satisfied if the system is to be in
thermodynamic equlllbrlum.

Let us now consider the number of 1ndependent variables on
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‘EquatiOn (5) gives the cendltien for the thermodynamic equllibriumﬁ
of the system. It is important te remember that we have already
shown that all the quantities occurring in equations (5) dépend‘
on the composition of the phases and not on~their~tétal masse |

It will be noticed that in all there are

cC(P-1)

equations which must be satisfied if the system is to be in
thermodyn&mle equlllbrlum. |

Let us now con31der the number of 1ndependent varlables on
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which the gquantities occurring in equations (5) depend. In‘the
first place they depend on the compositions of the P phases.
The composition of any one phase is determined if we know the
masses of (C-1) of the components contained in unit mass of the
phase., A knowledge of the masses of C components fixes the
compositien and the total mass. If the total mass 1s fixed, a
knowledge ef the masses of (C=1) components is sufficient to fix ‘f
the campositlon. The comp031t10ns of the P phases therefere‘
involve in all P(C-1) variables., In addition the quantities~ié  _f
equation (5) depend on the pressure p and the temperature T.
The total number of variables involved is therefore

| | P(C=-1)42 |
The C(P-1) equations expressing the condition that the systeﬁ is 
in thermedynamlc equlllbrium determine the wvalues of C(P—l) of
these variables. The remaining varlables may be varied arbitrarlly
P(C-1) ,lz-u(P-l)
=C-P,12

..Q F

where F = the number of Degrees of Freedom as previously definedek;
A certain s1mpllflcatlon may be introduced 1nto most of the
cases which are dealt with in metallography. Since the volatillty
of most metals at their melting-points is extremely small,_it:isk j
commonly permissible to neglect the vapor phase when constructiﬁg
the freezing-point diagram. In the séme way the equilibrium may‘
be assumed to be reached under a constént~pressufa, that of the
atmasphere, since the work is generally carried out in the‘opeﬁ‘_‘
laboratory. Pressure may ﬁherefcre be omitted from the variables:

to be considered. The effect of omitting all eonsideraticnfofJi
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the vapor phase and of changes of pressure from the study of
alloys is to reduce the number of variables to two, namely,
temperature and eomposition." The conditions of equilibrium
~are then represented by the reduced formula
Flzc-P/f1

While the Phase Rule gives the conditions for equilibrium
in any given heteregeneous system, yet it gives no 1nfermatien
regardlng ehanges of equllibrlum brought about by alteratlon
of the external conditions of temperature and pressure., Le
‘Chatelier's theorem by so doing greatly increased the seope
and uéefulness of the Phase Rule, In the words of Ostwald‘it
may'be stated as follows:- ‘ | |
If a system in équilibriam is subjected to a constrainﬁ by Which‘ 1
the equilibriam is altered, a reéctien takes‘place which éPPQSes -
the constrainb, i.e. one by which its effect is partiaily‘

;annulled.

The Phase Rule, while ef extraordinarily grest applicabillty“

has certain very definlte limitations and these must alWays e

borne in mlné, The rule is based on thermodynamlc princlples and7j;

applies only %0 conditions of true equlllbrium.‘.The chief
criterion of this true equlllbrium is that the same condltlons ofx
equlllbrlum is reached from whichever side it is approacheé.
Also such phenomena, sudh as surface~ten31on, foree of grav1ty,
ete. have not been taken into consideration in the deductlen of
the Phase Rule. The Phase Rule in its simplest ferm.eannet inclaééi
these, but they can be included by a revised mathematleal
_treatment. The Phase Rule deals only with macroscopie amounts,‘

microscopic amounts being dealt with on atomie principles.
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Binary Systens.

Although the Phase Rule may bevstated mathematically, yet
its understanding and practiecal application are best expressed
graphiecally.

Since a two component system existing in one phase can
constituté a tervariant system, a system with three degrees @f
freedom, then three varlables, pressure, temperature and ‘ k
eeneentration must be taken 1nto cons1ﬁeratlen.\ Thus for the
graphic representation of all poss1ble conditions of equlllbrlum:‘;
a three co-ordinate system must be employed, Althongh reactions
carriea out under varying pressures are of the greatest;seientifié 
interest, ye?t most experiments are conducted at atm05§heric
pressure in the open laboratory. Thus two-component sygtems are
usually represented as a plané section, paraliel to the pressﬁre;‘g
axis. This is known as a temperature~eencentration curve‘er a .

t-x diagram,.

Types of Eguilibrium Dlagrams.

I, The Components are Completely Mlseible in the quuld State.; o

(a). The Components separate out in the pure state.

| The typical diagram for this system is shown'in Fig,‘l,
¥ and N‘represént'the melting points of the pure eomponents-
Since the freezing-point of a liquid is lowered by ﬁissalving
another substance in it, it follows that if a quantity of B is
dissolved in A the temperature at whieh solid A will be in~<
equilibrium with the solution will be lower then the freezing-
point of pure A, The greater the concentration of B in‘A‘thei

lower will be the temperature at which A can exist in equilibrium
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with it. Thus the curve MC represents the composition of solutions
which are in equilibrium with the solid component A at differenti;
temperatures. The curve NC, by the same process of reasoning,
- will represent the composition of solutions in equilibrium with
solid Bs The two curves will then intersect at the point C;
Another method of consideration would be the following. MC may‘ 
be considered as a solubility eurve, since i% represents the
temperatures at whiech solutions of B in A become saturated w1th
respect to A. Thus NC will represent the temperatures at
which solutions of A in B become saturated with respect to Be
The point C is the point of intersection of these two selubility‘
curves and at this point, the solution is simultaneously satara%ea 
with A and B, If crystals of A separate out, the solution #ili‘ ‘
at once become supersaturated with respéct to B, and‘équiiibrium “
can be restored only by the separation of crystals of B§ Th@_  \
metals A and B thus separate out side by side, The point‘c *as _"j
is clear from the diagram, lles at a lewer temperature than the ;
melting=-point of either component and is the most fu31ble mlxtare
vwhleh can be prepared out of~the binary system in questlon. It
is in consequence called a eutectic point, from the Greek word
meaning "easily fusible®.

At this point C we have four phases coexlstlng in equillbrlum.
This by Phase Rule con31deratiens, waald be an invariant p01nt ‘
and constant temperature must necessarily result. Sinee the
composition of the solution must also remain constant, then;selia;5
A énd solid B mnsﬁ erystallise out from the eutectic solutioﬂ‘in o
constant proportions, | : | -

This constancy of composition and of melting point was firSt‘j



taken to symbolise compound formation. However many cases existed

in what seemed to be open defiance of the Law of Simple

Proportions. Also the eutectie composition would vary with

pressura; It was soon realised that the‘eateetie was really a
conglomerate of the two components. |

A line DE is usually drawn parallel to the axis of
coneeﬁtration'thfough the euteetic péint C. This llne reprasents -
the solidification of the eutectlc mother-llquor and is called

the eutectic horizontal. A vertical line from € to F segarates

‘those all@gs which centaln an excess of A over the eutectic

proportions,from those which contain'an;excess of B@ Thus

w1ll enelose solid

above MCB all will be llquld. The‘area‘ﬁi;
A and melt, NCE will enclose solid B and melt, Below~DGE S
everything is solid. BGAF Wlll contain primary crystallisation
of A plus euteetie mlxture. CEBF will contain prlmary~‘ o
erystallisation of B plus eutectic mixture.

A completely melten mixture to the left of the eutectlc

point~wlll behave as follows on eoollng. A vertlcal llne Wculd ~‘ 

at firsf be shown‘indicating‘a‘hamogeneous 11qulé melt. Heweverr;fi

when the temperature has fallen low enough to strlke the curve, L

sollé A will separata out. The melt is thus enrlched thh

| respect te B, and with falllng tamperature the compositlen of thef~{

- melt will move to the rlght. Thus, with falllng temperature A

separates out progressively along MC in the dlrectien of C, theL 
mother—llquer getting richer in B until the temperature and S
composition of the mother-llquer have achlevea that of the euteetic
p01nt.‘ At this point solid B makes 1its appearanee and A and B -

separate side by side in the same proportions as they‘are mow<~
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present in the melt.

Similarly a molten mixture on the other side of the diagram
would separate pure B, followed by euteetie ecrystallisation,
If the eutectic mixture is cooled, it would freeze at the eutectic

temperature yielding only eutectic erystallisation,

(b). Compounds are Formed with a Congruent Melting-Point.

A compound with congrdent melting-point is one whieh is
capable of ‘existing in equilibrium with a liquid of the same
composition, Such a compound will behave similarly to that of a
pure metal, its freezing point being depressed by the addition
of either of the components., The freezing—point‘eurve therefore,"
shows a maximum corresponding with the composition éf the
compound as shown in Fig. 2 X, Y and C are the congruent
melting-points of A, B, and the compound AxBy;respectively; XT
Wiil give the composition of solutions of A and B in eqailibriﬁm
at different temperatures with component A as the solid phasé.
YD gives the composition of solutions in equilibrium with k
component B as solid phase., TCD givés the compositions @f;ﬁhe
solutions in equilibrium with the compound as solid phase, cT
and CD representing the depression of freezing-point of the
compound with additions of pure A and B respectively. TCD is
rounded indicating that dissociation has taken place in the
molten state. The degree of dissociation can be calculated
approx1mately69 by the departure of the contour of the eurve
from the idealised state, i.e, two lines intersecting at a pelnt.

A mixture to the left of T on eooling, will give the same

results as in the case of the simple eutectic, with‘pure‘A

erystallizing out until the eutectic is reached when A and B
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crystallise out together in eutectic proportions, A mixture

to the right of D will yield pure B followed by eutectic

erystallisation., A mixture lying between B and C will yield

compound as the primary crystallisation followed by eutectie

'crystallisaticn, Between C and D compound erystallisation

would first éccur,'fallowed by the secondary eutectic. Thus,

~above XTCDY all is molten. Below KTGHDL all is solid., XKT will~

contain solid A and melt, YDL - solid B # melt, TGHDCT - compound

# melt KTAM - A # eutectlc, TIGP - compound £ first eutectie,‘ |

HGPND - compound # second eutectiec, and DNBL - B # second eatectieg
The exact composition of the eampound~may be in doubt due to

the rounded maximam. A Tairly accurate method for the

determination of this maXimum is described in the seetien headed

Thermal Analysise

(¢). Compounds are Formed with an Incongruent Melting—POint;‘

A compound is formed which cannot exist in equilibridm With
& liquid of its own compesitioﬁ; but decomposes below its
;melt1ng~p@1nt to form a llquld an& a solid of different
compositions than its own, The general form of the eqailibrium |
diagram is shown in Fig. 3.

Pure A will séparate along NE, the eutectic point being
reached at E, The ascending branch EP corresponds with the
erystallisation of a compound of the two metals A and B, but
instead of reaching a maximum and again falling to a second
‘eutectié point, as in the case of the formation ef a compound
W1th cengruent meltlng-peint the freezing-901nt curve changes 

 in dlrectlon at the point P and ascends to the solldlflcatlen
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temperature of pure B, Thus PM represents the composition

of solutions in equilibrium with B as the solid phase. P is
known as the peritectic point, and PK is the peritectic
horizontal. P is not the real maximum of the curve, which is
shown dotted in the diagram, but represents the temperature at
which dissociation occurs.

A molten mixture, whose composition lies between E and P,‘

will separate pure compound on to the eutectic, so that the

eutectic obtained is eventually puré A plus compound. Below‘

the eutectic horizontal all is solid. The composition of the
compound lies to the right of P, and a hypothetical vertical

line can be drawn corresponding to the compound composition. |

A mixture to the right of the peritectie point and to the left“
of the composition of the compound will separate pure B;‘sinee‘
the temperature is above the peritectic point, i.e. above the‘
tem@erature at which pure compound can exist."Ceoling pr@gresses
~down the curve, the melt getting richer in 4, with pure B :

separating until the peritectie point is reached., At this?poinﬁ“

the compound comes into existence, and it édes so by the ehemieal o

reaction of the B, which has separated, and the melt, to form the
solid compound leaving melt in exeess with the peritectic

o ; | composition, On further cooling the composition of the melt will

| FQOceed down the curve with pure‘compound separating éntil;the k
eutectie is reached, A mixture betwéen J and M will aet as,the
above mixture did until P is reached, Now however the melt |

- contained more B than was necessary for the compound eomp931t10n;

Compound fermation Will occur at P between the separated B ana the
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melt. The interactien will now be complete leaving compound
plus excess Be

In the area JKBL all will be seolid, bheing a mixture of
compeund plus excess B, In the aree HDLA, all will be solid,
consisting of & mixture of compound plus excess A, To the
left of EC, primary crystallisation of A plus eutectic structure
%ill'ac@ufb to the right of EC, primary crystallisation of
compound plus eutectic structure will be present., The semi-
triangular areas are areas of liguid and seclid in equilibrium,

the solid being pure A, B, or compeund,

Formation of Sclid Selutions.

In many cases it has been observed that there crystallises

~ from & solution, not the pure components or compeunds of these,

but & homogeneous crystzlline mixture of the two compenents. To
this homogeneocus solid mixture Van't Hoff gave the name "solid
sclution®. The Germsn equivalent of selid solution is
"iiisehkristall® which unfeortunately has been translated inte
EngZLsh,&S;Mixe&i&rys%alsw The term "Mischkristall® implies
migeibility and in German is a satisfactory térm,ta use, baﬁ thé
English equivalent implies a mechanieal mixiure of the two and
thus is not correctly used. Two metals which are soluble in
each other are said to be "isomorphous"™ and the alloys are
referred to as %"isomorphous solid solutions®,

Te represent the behavier of s system consisting of liquid
and solid solutions two curves are necessary, which in certain
cases lie very close together but are never identical, The

liquidus curve is obtained by plotting the freezing points of
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'varioas liquid solutions against temperature. The freezing-
point is defined as the temperature at which solid just begins
to separate out from the ligquid mixture, The solidus curve is
ebtained by plotting melting-points against temperature. The
melting~point is taeken as that temperature at which the solié
solution just begins to liquefy. The relative position of the
solidus and liquidus curves may be stated as follows:-
”Atvany given temperature‘the concentration of that component,
by the addition of which the freezing-point is depressed; is o
gteater iﬁ the ligquid than in the solid phase; or conversely,
the concentration of that component by the addition of which the
fréezing~point is raise& is éreater’in the s&lid than in the
liquid phase.” o1 |

When solid solution occurs in a system, the‘two components
may be eiﬁher completely or only partially misecible in the_éélidf‘f
state and therefore it is usual to divide the consideration cf‘thé:
types of selid_solution into two sections, The following “ k
classification is due to Bakhuis Roozeboom®Z, who in & elaséicél“?

paper in 1899 reviewed the different types of solia‘solution;*"‘

(l)q An unbroken series of solid solutions is‘formed.

Since the two components are miscible in all proportions
With each other in the solid and ligquid States,thére can onlyk‘a
be one solid and one liquid phase, and thus never more than
three phases in equilibrium, The system can thus never become
invariant,and the temperatureneampOSitien curve nust be

continuous.
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(a)e The freezing-points of all mixtures lie between the

freezing-points of the pure components.

This type (Fig. 4) consists of two smooth curves joining

~ the melting-points of the pure components. The liquidus and

sblidus may be chosen by the‘aferementianed rule., Above the

liquidus, everything is liquid. A mixture on cooling will

strike the liguidus curve., A solid phase will now appear beling

a solid solution of A in B or B in A, The composition will not
be the same as that of‘the liquid l', but may be determined by
drawing.a projection, parallel to the concentration axis, to the
point where it would strike the solidus., Thus a solid solutibn
of compositionvsl would separate out, If the mixture‘is

cooied»with great slowness the liquid composition will mowe

down the liquidus, since it is impoverished in B, The solid

solution will alter its composition in harmony with this by
solid diffusion and interaction with the melt., As the process
goes on, more and more melt will solidify, and the solidifiéd ;M
mass keeps itself homogeneous by solid diffusion and interaéfion; N
The whole mass Will solidify when the solid solution has the |
seme composition as the melt had. Thé necessity for slow ceéling‘T?
can readily be seen, since solid diffusion takes place very
Slowly. With rapid cooling primary solidification will occur as
above, Solid diffusion cannot now btake place and another layerk
of solid will separate as a coating on the first. Thus

stratification or Coring results.

(b}. The freezingppoint gurve passes through a maximun,

This type has recently been shown to be thermodynamically
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unstable., As it occurs even in recent text-books some mention
of it will be made here., As shown in Fig. 5 it consisted

of two continuous curves intersecting at a maximum., Occurring
very rarely it was found only with optical isomers, e.g. dextro
and laevo carvoxime. However these unite to form an optically
inértyraeemate which has unlimited solubility for both the |
dextre‘and laevo compounds. Thus we are not dealing withﬁa~case‘l*
of dextro and laevo'selubility, but actually with two séparaté_ 
cases éf compound and iéomer. This can readily‘be seen°if:é‘
dotted line is drawn down the centre of the diagram as in Fig. 5.

We now have two separate systems similar %o that of Gase (a)e

(¢). The freezing-point curve passes through a maximum,

This type is illustrated by Fig. 6. Two eentinaOas‘eurves

pass through and intersect at a minimum, A% this minimum the

composition of solid and ligquid is identicai, Mo&teﬂ‘mixturés 
to the right and left of the minimum will yield heﬂbgeﬁeeué*Solidi
solutions, if the cooling is slow enough, as deseribed in‘Sase‘I.° 
A compositién~cofresp@ndiﬁg~te the minimgmgwill‘sclidify at the
temperature eerresponding to the minimum.‘ | B i

(2). The two eomponents do not Form a Centinuous Series of

Solid Solutions.,

This case is anélogous to that of the partial miscibility“
of liquids. ZEaech component will only diSsolve a certain ameunt‘ 
of the other., A mixture gap will thus oeccur and aﬁy mixture |
ih the gap will be heterogeneous, yielding the two saturated

end members of the series of solid solutions., Since two solid
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phases can now coexist, an invariant point may occur. The
temperature-concentration curves need no longer be continuous
but will show a break or discontinuity at the point at whith

the invariant system is formed.

(a). The freezing-point earve‘exhibits a transition point.

(Fig. 7).

By applying the criterion given previoasly, EP‘and_PF‘ |
represent the compositions of liquid solutions, while EC and DF
represént the composition of solid selutionsg chp represents‘

the equilibrium between the liquid solution and the two

~ saturated end members of the series of solid solutions,

represented by C and P,

(1), A mixture to the left of the mixture-gap,

The result is exactly the same as that described under
Case I, Homogeneous solid solution of the same composition as
the original melt will result, if the cooling is carried out

slowly enough.

(ii). A mixture within the Solubility Gap.
When EP is reached, solid solution will separate out, wWhose
composition is given by the corresponding horizental. With sl@w

cooling the liquidus composition will move down EP, and the

corresponding solidus down EC until P, the peritectic point, is

reached., All will however not be solid since C, which will
separate, contains less B than the original mixture. D will
now appear. Four‘phases are present and invariance results
Which is maintained by the simultaneous separation of C and D

until all is solid., The result will be a heterogeneous solid
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consisting of the saturated end members of the series of solid

solutions,

(ii1). A mixture to the right of the mixture gap, but %o

the left of P.

With decreasing temperature, homogeneous solid solution of
the EC series will result and this will continue, the liquidus
falling down to P, and the solid solution to C. C and D mow
separate side by side. Héwever; for algebraic reasons, séparétion
of C and D is not enough to keep the liquid composition unehangeé;
¢ will dissolve out, and D increases in amount until finally all |
trace of C has disappeared, and D is the only remaining solid
phase, Liquid will still remain however, since the original
liguid mixture was richer in B than the solid sélution D is.
Solidification will now occur as in Case I, The solidus will
keep in harmony with the liquidus by solid diffusion amd
interaction with the melt; if the cooling is slow enough, until
the solid is the same composition as the melt, and all is solid.

(iv). A mixture to the right of P.

The result will be homogenous solid solutions of the same

composition as the melt.

(b)s The freezing-point curve exhibits a eutectic point.

(Fig. 8) | .
A true eutectic occurs here, but unlike the simple eutectic,

the solid phases ére not pure A and B, but the saturated end

members of the two series of solid solutions,



Temperature

100%A

G

Composition

Fig. 9

100%B




(30)

(i). A mixture to the left of the mixture gap.

With ecooling suffieiently slow to allow for solid diffusion
to take place, a homogeneous solid solution of the A series will
resulte |

(ii). A mixture to the right of the mixture gap.

This will eventually give a homogeneous solid solution of
the B series,

(iii). A mixture in the gap.

To the right of thé eutectic, separation of the solid
solution of the B series will occur, the solid solution
changing until érrival at the euteetic. A solid solution of the
A series now makes its appearance, and the two solid solutions
now separate out side by side until all is solid.

Curves representing solid solubility lines always run throagh%

‘the end of the mixture gap., Thus, a solution of the composition

of S as shown in Fig. 8, will exist stably on further éooling,
until the tempefature falls low enoggh so that intersection of
the solid solubility line occurs, Now if solid separation did .
not take place, supersaturation would occur. Thus "untmiséhung”*j
takes place, solid solutions of the A and B series separate out,
and if the cooling is slow enough the separation will be in
harmony, A losing B, and B losing A

Before leaving solid solutions it might nbt be amiss %o -
introduce and explain a term which occurs in one of the binary
systems comnected with this investigation - the eutec%oid.
This is shown as the curve FGH in Fig, 9. The homogeneous solid

solution resolves itself into two cbmponents. The temperature att
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whieh each. component crystallises from the solid solution is
lowered by addition of the other, and we consequently obtain a
solubility eurve with two branches. The resemblance of this
f53; curve to the freezing-point curve of a eutectiferous series is
at once apparent, and the anaslogy is a real one, Primary
separation of the components takes place along the two branches,

and when the temperature of intersection is reached, the

remaining solid solution splits up into a conglomerate of the

two components.

II. The Components are not Completely Miscible in the;Liquid
Stéte,

From our definition of alloys we saw that many alloys
separated intoc two layers on solidification, It is also true
that many alleys do not melt to form a homogenéoas liguid,
but form two immiseible layers within certain ranges of
temperature and concentration. These are known as conjugate
solutions. Solubility usually increases with temperature,

although exceptions to this rule have been found. Thus two

liquid layers may be formed on fusion, but as the temperaturé
rises, the solubility of each of the components for the other“
nust also rise, Thus a time will come when at a certain
temperature the composition of the two liquid phases will beeOmeﬁ,;i
identicales This temperature is known as the critical selatien~’
temperature or the consolute temperature. This can readily be
obtained with many substancees, but in the majority of metallic
systems its realization is very diffiecult, due to the fact that‘ |
the eritical temperature is higher than the beilingwpoints of thé:‘}

metals involved,
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With conjugate solutions present, four phasgs coexist. ‘Thev
system will be invarient, Thus the temperature and eoneent:ati@n
must have definite values. If the two metals are completely
immiseible in the liquid phase at a certain temperatare,'the
freezing points of either metal will be éntirely unaffected by
the presence of the other, This of course is the limiting case,

- and probably non-existent, since no two substances are entirely
insoluble in each other, This will be represenﬁed‘on‘the
equilibrium diagrem as two horizontal lines thmagh the
respective freezing points‘of the two metals. The’usual faﬁm
taken by the equilibrium diagrem is that shown in Fig. 10, As‘is‘
the usual case, the freezing point of each metal is lewered by tha~i
addition of the other. EMF is the mlsciblllty curve. Everything‘uy
within the area of this curve Will break up 1nto two layers.~ ‘
Thus a mixture to the right ef F on cooling, will separate pure
B once the curve FL is reached. The mlxture composition Wlll
fthen proceed down the curve FL with falling temperature, . antll F,
Where the mlsclbillty curve - is reached. Gnly one llquld layer hasf?
prev1ously exxsted. Wlth further separatlen of B the comp031t19n  ;
would reach a point between@ﬁ,and E. This however is 1mposs1ble,‘
since EF is an area of heterégeneity and represents 2‘1ayers in:
equilibrium.~ Thus a second layer with the eompositlen of E new -
makes its appearance, and as prev1ously 1ndicated, 1nvariance in‘:‘?
temperature and composition results. With further separatian of
B théfmean value of the alloy ehangés aléng the line EF. ‘Sineek‘
; the eempositzsn of the lay@rs remalns constant thls is éone by

the changing of the relatlve ameunts af the two layers, unﬁil
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with sufficient separation of B at the point E the liquid alloy
of composition F disappears. Now the system is univariant and
with further crystallisation of B the eutectic is reached,

An alloy mixture in the region above EMF will break up into
two layers, whose composition corresponds to E and F, when the

miseibility curve is reached,
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Ternary Systems.,

- Three component systems are of very great industrial and
general scientific importance., Yet due to the number of
variables involved, relatively few ternary systems have been
investigated. When we apply the Phase Rule to sgstems‘@f three
components, it is readily seen that five phases are necessary
for invariance, Such a system will therefore exist at a |
quintuple point, Since the number of liquid phases can neve?“
exceed the number of cémponeﬁts,‘and since there can be cnl& éne“k
vapor phase, there must always be at\least one solid’phase;at;théf‘
quintuple point; As the~number of phases daeraases, the | |
variability of the system inereases from ene‘to four,

Two component systems are represenﬁed‘on a t-x or
‘tempera%uré-eéncentration ﬁiagram; This however presents~great
difficulties when the number of components eguals three. The
problem has been s&lvéd in quite a number of ways., Most of the
methods give a solid figure, the temperature being taken as thé
vertical axis; but it is possible to tell a great‘deal‘fram thé‘
projections of the curves for the monovariant systems upon a plane,
even though the temperature can nc longer be read directly. . |

Schreinmakers®® took for the X and Y axes the amounts af‘
two of the cembenents in a constant quantity of the third.k
Bsieyerheffer63 used a diagram which allowed one of the‘ceordinaﬁés |
| to be used to indicate the temperature. In a system camposed
of two salts and water, he measured the ratio of one salt to the
other along one axis and the temperature along thé other, This

is serviceable in certein caSes; but is very limited in
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application, since it neglects the relative quantities of both
salts in respect to the third component., The method proposed by

van Rijn van Alkemade 64

seems to have no advantage over the
disgram proposed by Schreinmakers, GibbsesAhas suggested the

use of a triangular diagram, the sum of the components being

kept constant. If we take an equilateral triangle of unit height,
- the quantities of the different components aré expresSeé;as"
fractional parts of the whole, and the su@ of their coneentrationsi
is thérefore equal to unity and to the height of the triangle.‘ |
A point within the triangle will represent the composition of a
ternary mixture. Since, by géemetrical reasoning, every point
within the triangle has the property, that the sum of the
perpendiculars from that point on the sides of the triangle is
equal to unity (fhe height of the triangle), then the eomp@sitién‘
of the ternary mixture may be obtained in such a fashion, This

type of diagram was used by Thnrston66 in some work on alleys.

87

It is more generally assoczated with the name of Stokes ', who

independently dev1seé the same scheme, basing it on the meﬁhod
employed by'Clerk Maxwell for the compesition of colors.
Beozeboamss has employed a modification of this diagram. Eé
used the isoseeles right-angled triangle, the equal sides béing
of anit'length. The advéntags of this arrangement is that the
ordinary co-ordinate paper may be used, The diagram is open to
the objection, that there is a different séale along the
hypotenuse from that along the sides, so that one éf the | |
components seems to occupy an exceptional position, 30®zeboem69

proposed another form of triangular diagram which is distinctly
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superior to any of these already considered. It consists of
an equilateral triangle with lines ruled parallel to each side
instead of perpendicular. The sides of the triangle are
divided into 100 parts, and the same scale is used for the
binary systems in the side of the trisngle as for the ternary}
systems in the interior. The co-ordinates of the point
representing a ternary alloy are then measured parallel to the
sides, | |

The triangular diagram is now usually employed, except in
special eases; where some point is to be breught out not |
involving the variation of all three cemponents; An impertantk‘
property of the equilateral triangle should be notedvg. A line
drawn from one corner of the triangle to the opposite side,‘

represents the composition of all mixtures in which the relati?e‘

smounts of two of the components remain unchanged. Thus as Fig. 11

shows, if the component C is added to a mixture x, in which A
and B are present in the proportions of a:b, a mixture xl, ﬁhieh

is thereby obtained also contains A and B in the ratie atb.

For the two triangles ACx and BCx are similar to the two triangles}

chl and ch;; and therefore, Ax ¢ Bx = Hx® : Kx;; But Ax = Dx, -

and Bx = Ex; further, Ex! = Fx' and Kx' = Gx;. Therefore,
Dx : Ex = Fx! : Gx' = b:a. At all points on the line Ox,
therefore, the ratio of A to B is the same,

If it is desired to represent at the same time the change
of another independent variable, e.g. temperature, this can
be done by measuring the latter along axes drawn perpendicular

to the corners of the triangle. In this way a fight prism
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(Fig. 12) is ebtained; and each seetien/Qf this eut parallel %o
the base will represent an isothermal surface,

Types of Systems Obtained.

There are numerous types ef systems wizich may be obtéined,
inereasing in complexity with the eenditions of behavior of the
component metals. However only two will be discussed here,
since~they bear a direct relationship to the diagram obtained

in this research.

(i) The éhree components form only one pair of partially

miscible liguids,

| We have already discussed the case of two metals dniy‘
partially miscible, When a third m@tal is added to these two,
an inerease or a diminution in the mutual solubility may eccur.j
- An inerease in the mutual solubility is gemnerally found when k
the third component dissolves readily in the other two; but
when the third component dissolves only sparingly in the‘otﬁer
two, its addition diminishes the mutual solubility of the latter.  £

A good example of this is the system under investigation,.

| The results obtaiued by Campbell and W’allace46 give a curve of
the following type. (Fig. 13). Silver and aluminium, and
silver and lead, are miscible in all proportions., But lead and
aluminium are only partially miseible. Thus a mixtnre’ef lead
and aluminium of the composition C would separate inte‘two
layers corresponding to a and b, When silver is added, it Will
distribute itself between the two liguid layefs and two
ccnjagate‘ternary solutions are thereby produced, which are in

equilibriug with each other., Thus a series of pairs of ternary
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solutions will be obtained by the addition of silver, Bubt not
only do the liquid phases become inereasingly rich in silver;
but the mutual solubility of the lead and the aluminium
- inereases so that the lead layers become richer in aluminium
and vice versa,
By the continued addition of silver; the composition of the

successive eonjugate solutions in equilibrium with each other

becomes more nearly the same, and a point will be reached at
which the two solutions become iﬁentie&l, end a critical point

is thus reached, fIncreased addition of silver will now give
single homogeneous solubtion.

| " This is expressed graphically by the so~called binodal curve
aKb, aK will represent the composition of solutions relatively
rich in aluminium, while Kb the'compositian of solutions
relative;y rieh in lead. The points on these two branches
representing conjugate sclutions in equilibrium are joined by
what Stokes called "tie-lines", Since silver does not enter

in egqual amounts inté the two layers, depending on its partition

coefficient between the two; the tie-lines will not be parallel
to ab, but are inclined at an angle. As the solutions become
- more nearly the same, the tie-lines shrink in length, and when.
the conjugate solutions become identical, shrink to a point.
Since the tie-lines are not parallel %o the side @af thé triangle,
the eritical point will not be at the summit of the curve, but
somewhere below it, as shown by the point K.
It should be borne in mind that not all mixtures, on reaehing~’

homogeneity, will resemble the critical solution concentration,
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This, in fact is only true for a mixture of composition C.

A mixture of composition Gl, on cooling will act as follows, It

‘was previously shown that the total composition of the different

ternary systems, which will be obtained on the addition of silver,
nust be represented by a point on the line Gcl. Bach alloy
formed, as long as it is in the binodal curve, will separate

into two layers, whose campositien'may be obtained from the

ends of the tiealines. However the relative amounts of the‘

two 1iqﬁid layers formed differ more and more, until at 8, a
limiting position is reached, where one ligquid layer will
disappear and the other will remain,

The boundary curve of the heterogeneous system will depend
on temperature, since with three phases present, the system is
bivariant., The diagram in Fig. 13 is an isothermal Section and
similar triangular diagrams may be counstructed for varying |
temperatures. If we make use of the right prism, with inereasing
temperature the critical point X will approach the partially
misecible binary systam; and the area of heterogeneity for ﬁhe
ternary system will shrink continuously until it approaches a
single point - the eritical point of the binary system.

In most cases the contour of the critical curve exhibits no
marked irregularities, but in a few instances it shows a marked

bulge outwards or notech inwards, This may indicate compound

formation. Also the configuration of the tie-lines may lead to

the conclusion that a compound is formed., For instance the
tie-lines may all slope towards omne central point. This is

presumptive evidence of compound formation., In most cases,
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however, the tie-~lines exhibit no marked irregularities, but
slepé either to the left, or to the right. However no fixed
law can be enunciated regarding the slope of the tie-line,
since the same metal, when added to mixtures of different metals,
may, or may not produce tie-lines with varying slopes, sloping
either to the left, or to the right,

(ii). The ternary eutectic point.

Since the ecomposition of the liquid phases vary with
temperature, the right prism is again used for the graphie‘
representation of the system. Each binary system will then be
rapresented by the sides of the prism. Each binary system in
the simplest case will exhibit a eutectic, since the additionkef |
one metal to the other will lower the melting-point of that
metals If to each of the binary eutectica é smal1 QQantity‘af
the third metal is added, the eufectic temperature of each will
be lowered, and this depression is all the gieatar,‘the largér
the addition of the third component. Thus We obtain three curves,‘ 

sloping dcﬁnwards and inwards, which indicate the varying‘

composition of the termary liquid phases. These curves will

intersect at a point K whieh is the ternary eutectic, This point
represents the lowest temperature attainable with the three |
components given, Each of the ternary euteetic curves is
produced by the 1ntersect10n of two surfaces, while at the ternary"
eutectic point, three surfaces intersect. The surfaces will_be |
bivariant, since they represent a ternary solu%ion in equilibrium
with only one component in the solid state., The lines or curves
of intersection of these represent equilibria with two selid

phases, and are thus univariant; while the ternary eutectic point
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‘'will have three solid phases in equilibrium with a liquid and a

vapor phase, The eutectic point, then, has a perfectly definite
position, depending only on the nature of the three components,.
Instead of employing the prism, the change in composition
of the ternary solutions can be indicated by means of the
projections of the curves of the intersections of the above
surfaces, the particular temperature being written at the

salient points.
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Methods of Determination of the Equilibrium Curve.

The methods employed for the experimental determination
of the equilibrium curve will depend on the nature of the system
to be investigated. Many methods have been used, with each
- method reéeiving many adaptations, depending on the conditions

which presented themselves,

(I)e Thermal Analysis.

‘The 0lassical method of thermal enalysis is still ome of
the most important methods, and must be regafdéd as the féun&ation
of all the others., The basis of this method is that a‘phase‘
change must necessarily result in an energy transformation. This
energy transformation will usually manifest itself in a liberation
or éonsumption‘af heat, | |

A distinetion must however be drawn betwsen‘crystalline aﬁa ;
amorpheus solids. Crystalline substances are bounded by plane |
surfaces, so oriented to one another, that the whole possesses
some degree of symmetry. ALl other solid bodies must be;elassed_ |
as amerphous, and are to be regarded as nothing other than L
liquids of great viscosity. That amorpheus salids aiffer fram <
liquids only in degree, is demonstrated by the faet that on
heating they lose, by imperceptible gradations, their rigidity
‘and become as fluid as water. The absence of a definite
transition point will make it difficult to attempt to distinguish
such bodies as solid under one set of conditionsand liguid under
the next., While amorphous solids.show a great centinuity of

state, this fortunately is not true of crystalline solids. Every
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crystalline solid has a definite transition point at which it
undergoes an abrupt change into a liguid, with absorption of
heat. Previded that this cechange is large enough to shéw on a
cooling curve, it is detectable by thermal analysis.
When a pure~sﬁbstanee cools without change of state, the
curve connecting its temperature with time has a regulér foﬁm,
belng exponentlal when the surrounﬁlngs are at a constant
temperature accordlng to Newton's Law of Coellng, as shown in
Flg. 14, In all known cases heat is given out in fr6321ng. If  
a molten pure metal is allowed to cool, sclid particles will
separate out at the freezing-point. This is provided, of course,
that supereoollng is absent and in metals, with only very rare
exceptlons, supereoollng does not occur. The solld partleles
will then llberate a certaln guantity of heat. Any further
loss of heat due %o radlatlen instead of reducing the temperature :
of the mass, causes further separation of selld ‘and thls | |
process contlnues,kthe temperature remainlng eonstant untll
the whole of the substanee has passed lrom the liquid to the = '
solid state, after which the temperature again falls in a ‘
regular mannerg‘ This type of behavior is illustrated in Fig. 15,
However suppose the substance under consideration is not pure,
but a mixture ef‘two‘snbstancas whieh, %o simplify;matters,~are
perfectly miscible iﬁ the molteﬁ'stéte fcrming.a homogenéoﬁs
solution, and each crystallises out in the pure state. Now we
Wlll get primary crystallisatlon, which will show up as delayeé
cooling on the curve. Slnce;the comp051tlon of the solution |

alters~With;the‘separatien of the solid phase, the temperature
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will not remain constent, but will gradually fall untill the

eutectic point is reached. (Fig. 16). A second solid phase has

\now formed, invariance must result, and the temperature remains

constant until complete solidification has occurred., The

length of bc will depend on the amount of excess of any of the

components over that of the eutectic éomyosition. Thus as the

eutectic composition is approached the prlmary crystalllsatlon :

will be shorter and the euteetlc ﬁrystalllsatlon greater. At k

the eutectic there will be no pfimary‘efystallisation, with—an‘

extended eutectic halt, This is the basis of Tammann's methed?l

of finding the exaet composition of the‘euteetic.‘ Since the

time takeh for the eutectic mother-liquor to solidify may thus

be teken as propartional to the amount of euteetie present,

' Tammann plotted euteetic halt times as ordinates, against the

alloy composition as abscissae as shown in Fig.‘l7. The

maxinmum time of solidification would then give the exact‘eutectic‘f

composition. This method gave useful service in the early days

of thermal analysis, but is now rarely ampleyed, due to the

many possible sources of error in the experimental determlnations.é
Thus‘it is seen that by noting the temperatures at Whigh

halts occur on the cooling curves of different miXtures, it is

possible to map cut the equilibrium diagram of the system. The

cooling curve, moreover, gives valuable 1nformat10n regarding

~ the nature of the solid phases since, with sensitive apparatus,

changes in the solid state are detectable, k
In discussing the formation of compounds with congruent

- and incongruent melting-points, the difficulty offdetermining : .

the exact composition of the compound was noted, due in the
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first instance to dissociation in the molten state, and in the
second to a dissociation of the solid compound. Tammann's
method may be employed for the determination of these maxima,
If the eutectic halt times are plotted, they would be zero for
the pure components., They must also be zero for the compound
composition, Thus the composition of the‘eompound may be
obtained, as shown in Fig. 18, If the eutectic and‘peritectie
halts are plotted, as in Fig. 19, the hidden maximum maj be
obtained thiough the same process of reasoning sinée the
peritectic halt should be a maXimum, and the eutectic halt

equal to zero at the Compound composition.

Types of Cooling Curves Employed.

(a), Free Cooling.

As previously indicated free cooling, i.e. the body allowed
to cool ﬁaturally by radiation from a higher temperature t0 a
lower one, would yield an exponential curve in accordance with
Newton's Law of Cooling. The disadvantage of this type of curve
is that a small change in slope can easily be missed due‘te the
natural curvature., Also if the temperature is high, the caéling
will be very rapid, and the heat effect may be missed. |

(b)e Graduated Cooling,

To overcome this difficulty Pl&to72 suggested a system of
gradual cooling. This Weuid yield a rectilinear curve, and
changes in slope would show up very easily on this. Since the
methods of heating are now mainly of the electric type, thé

cooling could be carried out progressively and regularly by

redueing the current. Plato did this by means of a wire
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resistance wound on a porcelain sYlinder and slowly rotated by
a motor. Many methods have been employed by independent workers
for this purpose, the methods ranging from very complicated
pieces of machinery to simplekrheostats.

(¢)s The Inverse-Rate Curve.

 This was first adopted by Osmond'® in 1887, For this
purpose the observer notes the intervals of time which are
occupiedkby the metal in riSing or falling'thrGugh succesSive  ‘
equal differences of temperature. Thus one might take the timﬁsi‘
koecupied by successive drops of 3%¢, and plot these as absciséae
against the actual temperature of the metal at each obserVation.~‘
In this way a curve is obtained whose ordinates are T ‘ |
(temperature) and whose abscissae are % where t is time. ,With

a uniform rate of heating or eooling, %gis curve becomes a
vertical straight line; an evelution of heat during cooliﬁg‘er

an absorption of heat during heating eauéés the curve to déflect
outwards and to form a hump or "peak". An example of this is
shown in Fig. 20, This represents the cooling of an alloy whése
componentsiare‘cempletely miscible in the liquid state, insoluble
in the solid state, and separate out in the pure form. As shown
previously (Fig. 1) primary crystallisation will first take piace.‘
The solidification will set free a small quantity of heat and k
the curve shows a sudden outward bend. The temperature will
then fall, with successive quantities of the metal ¢rystallising
out, Heat is being continuously liberated and the;n&taral raté‘

of cooling of the mass is‘thereby continuously retarded, being

represented by ab in the curve, At B eutectic crystallisation ;
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takes place with great heat liberation.

The advantage of this type of curve is that the method of
plotting the observations is very economical of space, and thus

allows the use of a very much more open scale, with the result

-~ that even minute thermal phenomena appear quite clearly. It can

be shownthat, if the rate of cooling is uniform, the area of the

peak‘formed is proportional %o the quantity of heat evolved.

(d), Differential Cooling Curve.

This method, proposed by Roberts~Austen74, consists of

- comparing the rate of cooling of the alloy under consideration,

and a neutral body. The neutral body is one which is known not
to undergo any structural changes in the temperature range under
eonsideration; Thus it would cool ideally - that is, it would
actually represent the temperature of the furnace, and would
cool in the manner previously mentioned. The body is chosen te
be of approximately the same thermal capacity as the alloy under
eonsideration, The temperatures are usually measured byka
differentially’conneoted‘thermccouple, consisting of twe thermo-
junctions arranged to oppose‘one another, One is placed in;the
neutral body and the other in the alloy under consideration, The
one placed in the alloyy if used singly, will give thé absolute
temperature of the alloy. Thus on ¢oeling(twq curves Will reéult.
One will give fhe absolute temperatﬁre’of the alloy. Thé other
will give the difference in temperature between the alloy aﬁd
this neutral body., On cooling, the two should cool at
approximately the same rate; Thus the difference curve should

be at zero, or at the most would show a small fairly constant
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displacement. When a thermal change in the alloy eccurs; howevér,
the temperature of the alloy will remain constant, or suffer ‘
delayed cooling, depending on the type of change, the neutral
‘body will however go on coéling with the furnace., The result
will be a temperature difference between the neutral body and
the alloy. This will show up on the differénee eurve as a
prenounced defleetzon. , g

Thus the 59351t1v1ty of the method has been greatly increased,j
sinece very small thermal changes, whlch Wouldknet show up on~the‘ .
ordinary coolimg curve can readily be seen;‘ Also the beginniﬁg ‘ 
of crystallisation can thus easily be determined., This metheé

75, working on the basis that‘the:

~ has been refined by Sykes
change in specific heats from one phase to another would be

discontinuous.

(2). X-ray Analysis,

‘The method of X-ray examlnatlon comes next in 1mport&nce :
to that of thermal analysis. Metals crystallise-ln‘qne of e
three simple lattlces; the faee—centred eubic, bedygcéntréd‘
cubic, and close-packed hexagonal, Friedrich and Knipping,
acting on the suggestion of von Laue, discovered that crystals
act as three dimensional optieal gratings for X-rays. This
shewed~that the crystal consisted of a unit s#ruétﬁre~whiéh  S
kept recurring. |

Apart from the obvious application of this to the science‘~n
of crystallography, its importance lies in the fact that it
enables a change in the solid phase to be demenstrated, even

thcugh that solid phase may be opaque and mleroerystalline in
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struecture, Previous methods failed to give desired results due
to the fact that although a change had oecurred, and this change ‘

resulted in a discontinuous change at the transition point, yet

this change was either too small to be noted, or the system

remained metastable,

However although the difference between the physical
properties of two crystalline SOlids may be small, yet the‘ |
X-ray method Wlll give valuable 1nfermatlon, regardless of whether :
a 31ngle phase region or a reglen contalning two or more phases :
occurs, The gradual change of paremeter of a solid solutlen
with eomposition can be measured with precision, and a sudden
break in the parameter-composition curve is‘afclear;indication
that a new region has been entered.

Two separate phases nmust possess different space lattlces,‘

This properﬁy is fundamental and thus the X-ray method has been  ,

widely used for fixing the phase boundaries on a eomplex system.‘
The X-ray method is of special value in the examination of | |
inteﬁmediate phases, Some systems, formerly regarded as simrle;
prove on‘détailed'examinatienkto include a number‘ef‘such~phasés, 
some of which differ only very slightly in structure, so that

they are eésily overlooked when ordinary metallographic methods

_are used.- This aspect of the problem has become more 1mp0rtant

since the introduetion of the electronie rules, assignlng

certain probable constitutions to phases having a given lattice
structure, Such phases are sometimes very complex, hav1ng

a large number of atoms to the unit eell, so that they dev1ate

~‘appreeiably from the simple cubie or'hexagenal structure.
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‘The general methods used are those of W. H. and W, L. Bragg
(the reflection method), and that of Debye and Scherrer (the
powder method). Many refinements have been adopted to these
‘metheds, sueh as X~-ray photographs of hot alloys, thus serving
to supplament the method of thermal analysis, and to tthW;mére

light on the structure of solids in general,

(3) Microscopic Analysise

Microscoplc analy81s is usually used in congumctmon Wlth
thermal and X-ray analysis. Looked at in the ordlnary way,
metallie objects possess an appearance of caﬁpleté homogen¢ity," :
but the éxistence of a structure at once becomes abViouS*When;a‘
piece of metal is broken. Thus it is not surprising‘that the
firstkwerk on the.ap?lication of the microscope‘to~thé‘éx5miﬁation |
of metals was carried out on fractures, This however proved to .
be a very limited field, since the 1rregular1tles of fractured k
surfaces make it Lm@0831ble to use more than very moéerate | W
magnifleatlens. Also the fracture itself is not necessarlly a
fair cross~seet1®n of the materlal, ie€o the fracture may, and
in same cases daes, plck out a path through a Weak const1tuent.~‘

The necesslty of using cut sections having a plane surface “
Was thds récognised probably from the connection Whieh~ﬁas
thought te exist between metals and 1gneous rocks.;‘Howévérnthe‘
stu&y of thin seetlons could not be employed, since the epaclty
of the metals would require extremely thin seetlons, éls& 1t has‘ 
been‘peinted~odt by Beilby tﬁat the operations of grinding ané k
polishing‘alﬁer‘the structure of the metal tQ a eertain depth |

below the surface, and thus a very thin polished section of
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metal, such as Weﬁld have to be used, would not be represéntative~
of the general structure,

It is therefore necessary to examine prepared surfaces by
means of reflected light. Care must be taken that the micro-
section to be observed is representative of the metal under
exemination. If the alloy is sufficiently soft, it is cut by a
_hack-saw, If this camnot be done, the cutting should be performed
in a manner Which will nét‘generate enough heat to be deleterious
to the structure under consideration. The procedure for obtaining65
a smooth surface sﬁitable for‘poliShing will of course depend on
the type of metal being used. Emery paper is usually used‘t@;“
remﬁvé saw-cuts and coarse scratches, The emery~paper iS‘placedk
on a hard support,: The specimen, held between the fingers‘is o
rubbed backwards end forwards with a slight pfeSsuré;fusiﬂg~t§ej
coarsest emery paper., The process is continued until, on
examination with a hand lems, no scratches are seen ekcept;the
parallél séries;duekte‘the emefy paper, The process is now |
:COﬁtinaed with finer papers. On passing from one paper t0‘énother,;:
the specimen is turned~thraugh a right angle; so that‘the‘newii -
seratches cross the old at right angles. The‘papéfs are mostiy\
used dry, but for soft metals it is usually necessary to add a
liguid, or to soak the'paper in paraffin before using. The
prdcess ef'griﬁding is‘reaily one of‘cutting,‘the partieles bf‘ 
emery cutting pareboliec ngOves in the metal, v |

The process of polishing was long thought to be merely a
finer continuation of the above cutting processes. Héwever‘thé:“
researches of‘Lerd Rayleigh, Osmond anﬁ his collaboratars;‘and  ‘k

Beilby © have shown that an essential difference exists between
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thevtwo. The effeect of polishing is really to cause a surface
flow of the substance being polished., Flow takes place, although
only to a small depth, on the surface of even the hardest
crystalline sabstancés, and Beilby demonstrated the existence,
on polished surfaces, of a thin layer of flowed, structureless
material, strongly resembling in its behavior a high viscous
fluid. Bellby regarded this flowed layer as hav1ng essentlally ;
B the propertles of an undercocled ligquid, and he preferred the term'
”v1treous". The suggestion has been advanced that the~process of
flow is one of actual melting. The order of the pressures féqaired
to melt the metals, as calculated from their latent heat of fusiaﬁj
‘and their density, corresponds perfectly with the obSerVed order 
of plaSticity, and although the pressures seem enormous, theyfare '
only assumed to prevail in regions a few atoms thick, and for a o
short time.

In order to afford any insight into the structure of the
metal, the polished surface of a specimen must be treated in
some manner calculsted to produce a surface pattern corresponding‘
to the section of the internal structure presented by the pclishedg
surfaee;v The polished surface, since it is not really | f
representative of the alloy structure, must first be removed by the
‘ actlon of some suitable reagent., The usuel practice 1s to etch ‘ |
. the surface by means of some reagent which will attack the metal. .
The amorphous surface film is more readily attacked than the rest L
of the metel, and is thus rapidly and easily removéd. The
subsequent action of the agent will then deyen&~on the nature of
the metals involved., Usually a reagent is chosen_Sueh‘that its :‘ 

action on the alloy is a differential one; attacking one of the



components and not the others, thus showing up the true structure
of the alloy. |
While erystallisation of solid components from molten alloys,
and of salts from their solutions, are similar processes, yet there
is a great difference in the course of events in the two cases. |
Salts commonly separate from their solutions in the form‘ofkmsre
or less perfect crystals; anﬁ on growing the;crystals;retaiﬁ the<l
Same‘general form., Metals and alloys, on the other hand éﬁly 
exceptionally fonm;snch crystals. ‘As a rule, a small‘erystalline‘;;
nucleus grows almost exelusively in the dlrectlon of certain axes,‘
glVlng rise to elongated and much branched forms, called “dendrites‘
or "erystal skeltons", None of the faces attain any great
development° I the gr@wth of the dendrite is confined in éome
directions, only a few of the p0531ble skeletal axes are develeped.;
4 The process of erystalllsatlon from any given centre must ultlmatel‘
reach a limit owing to the interference of a6301nlng crystals. Thef
growth of the axes is thus arrested, and the further solidificaticﬁ‘
~of metal takes place interaxially, axes of higher~qréer being ~ |
formed until the spaces are filled with solid matterg‘;Sincé in an 5
actual erystallisation the centres of erYstallisati¢n are ndt .
uniformly distributed, and the orientation of the axes of
neighbouring crystals is not the same, the sollﬁlfled mass wWill
- be dlvided into irregular polyhedra, varylng in size and shape. |
‘The typieal structure of a solidified metal is therefore that of
approximately polygonal grains, the boundaries of which are not
érystal faces, but are due to interference during growth.‘ Eaeh;“ 
grain is, %o use the mineralogical term, an "allotrlomorphle”

erystal the outline of which is determined by the presence of the 3y
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neighbouring greins,

The micro-structure of any alloy will depend on the type to
which the system of the metals in question may belong, and on the
position of the alloy in that system. |

The mieroscopie appearance of solid solutions is often
misleading, but is readily explained, If perfect equilibrium
cenditions are reached, the solid solution should, and does,
resemble a pure metai - thé homogeneous character of ﬁhe m@iten 8
‘;sclution is in that case sé‘cempletely maintained that the
micrescope cannot detect the presence of any second constituent,

If the cooling is’too rgpid to allow solid diffusion to’take plaee;
hemogeneiﬁy will notjbe maintained and a two-phase alloy will be\“
presumed to exist. If time is allowed for e@ailibrium t@ asse£t‘f‘
itself solid solubility linés‘are detegt&ble in this mammer.‘ A‘
series of alloys ranging a short way on either side of fhe‘
supposed line are annealed for a long period - in some cases
amounting to many weeks - at exactly knéwn temperatures, and :
subsequently examined With the microscope. Up to a certain limit -
in composition théy are found to be hOmogeﬁeeus,‘i;e; 0 ééﬁéist |
of a single constituent. Beyond that composition no amount of
prolonged heating will render them entirely homogeneous, i.e.
traces of the second constituent still exist, The limit of
solubility is thus fixed. -

In the same ﬁay, gquenching experiments often serve as the |
oﬁly'trae guide to the position of the solidus lineS; - This eaﬁkbé ;
ascertained by quenching specimens of saitably’chosen‘alleys frém ‘;‘
a series of temperatures‘lying slightly above and slightly béléﬁ)
the temperature at which the‘solidus is likely to be met., The
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specimens quenched from a temperature,slightly above the solidus
must contain, at the moment of Quenching, a very small‘ameunt of
molten metal, and during the rapid cooling which occurs in
quenching, this liquid metal selidifies~very quiekly and thus
produces minute regions of very fine structure. These "fusion
spots®™ are readily noticed when the specimen is polished and
etched,

A eutectiferous mixture will‘behave as‘follows. The‘pufé
metal~will énly show the irregalar pOIygons; As some of thé“
second component is added the spaces between the polygons
gradually widen end are filled with a sabstance Whlch is different 

from that of which the polygons themselves are composeé. This

. material between the polygons gradualiy 1ncreasés in amount

unﬁil‘it forms a continuous natwork in whiech the polYgons“

foﬁm patterns. As the eutectic is approached the §olygons

become smeller in size, If the snbstance between'thé‘spaces is

examined under a higher power microscope, it is seen tc‘ecnsist 2
of a fine pattern of two substances, one of which is the same;asi

the‘polygons, in other words, the pure matefial. At the;edtéctié .
the entire field will be filled with this fine grain structure,
typical of fhe euteetié‘structure; Further addition will néw‘

cause separatlon, in the form of polygens, of the secon& substance,
Thus the two constltuents of the alley will have changed places 5
in the structure.

Other Methods,

The three methods of 1nvest1gat1®n outlined above are the -
most 1mportant general methoés used in the study ef metallography.‘

However the physical properties of an alloy very often give
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defiﬁite'clues as to the alloy structure. Thus certain other

methods,

though not of general applicability, may be used as

guides in obtaining equilibrium diagrams., However obviously

they are

very limited in the range‘af their applicability. As

subsidiary aids the following determinatians may be menticned:«

(1). the
( 2) o the

(5) + the

(4). the

(5)s the
(6}, the

| (7). the

electrical conductivity.

magnetic susceptibility,

eléetrcde“potential; |

heat of miXture‘ef~the‘molten_metals.

intensity of reflection of light.

atomic heats of the ecmpoaents;and of the alloy.

specific volumes of the alloy and components,
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Lead-Aluminium,

ﬁrighﬁlWho was the first to carry out investigations with
these metals stated that aluminium and lead form two layers
when melted’tegether. Anaiytieal determinations of the two
layers after they had been kept at a temperature of fram
,750-8500 C. for about eight hours showed that the aluminiumé :
rieh upper layer eontained 1. 91% lead and the 1ower lead-rleh
layer contained 0.07% alumlnlum.

‘ Pecheux% somewhat later claimed to have obtalned three
layers with these:mstals. He melted the metals, mlxed them by
stirring, and qaenched them by pouring them into a steel mold.‘
He stated that in alleys with more than 10% lead there were
three layers fermed, an alloy of lead and alumlnlum between
layers of pure lead and pure alumlnlum.‘ Analy31s of this
middle layer gave from 3-10% lead. Alloys of 2, 5, and 7%
lead were stated by him to have given three suceessful alloys
without liquation, whose densities decreased with the decrease
in the amount ef lead., Their fusien pomnts were near that of

alamlnlum aﬁd rose from that of the alloy with 7% te that of

the one with 2% lead. Three layers, however in a two—componentej“

Systam weuld mean an invariant point. This has been‘discegatéd‘
by the results @btained by later workers. | | f
| Gwyeéi conducted an exten31ve 1nvest1gatlen of the alleys ,:
of’lead and alnmlnium.and found that there were twe halt-polnts
~on the cooling curves, one at the melting polnt of pure |
alumlnlam and the other at the melting polnt of pure lead
corresponding to the formation of two almost cempletely

imsolublekllquld layers. He states however, that alleys with ‘
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l; 2, 3 and 5% lead showedkprimary separated cerystals of
aluminium surrounded with secondarily formed lead. This would
indicate that erystallization had begun with an emulsion of
lead in aluminium. That is, in these alloys the formation of
two layers had not taksn place before the beginning of

crystallization, This seems incompatible with his identifieatian

" of the first halt-point with the freezing-point of pure

aluminium. Two layers had however formed in‘alleys containing
from 5-99.5% lead since the cold regulus showed two layers of
pure lead and aluminium with a slight lead content which was
detectable mieroseopically. o

More recently, Glaus4 has stated that 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 alumininm;in
colloidal, not true, solution. |

;  Hansen and.Blumentha15 investigated the system by‘the,ceoling;
curve method, They record a depression of 1.5%0.5° in the i

freezing point of aluminium produced in alloys with 3, 5, 7,

end 24% lead, The aluminium used was 99,91% pure, and was

found to be practically insoluble in molten lead.
6
Recently L. W, Kempf and K. R. Van Horn investigated the

solubility of lead in liquid aluminium and determined it to be

about 1.52% at the freezing point of sluminium and to increase

continuously with temperature to about 14.75% lead at 1@330.
The freezing point of aluminium (6660) was lowered by the
presence of lead to a minimam of 658.5°. | |

‘The most recent work is that carried out by A. N;(Gampbelli“'?

and‘R.,W. Ashley?; They determined the equilibrium diagram of
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the system and showed that it exhibited two invariant points,

the eutectic at 326.8%0.1° C., corresponding to 0.021%

aluminium, and the equilibrium-two liquid layers-solid aluminium

| at 658.5%0,1° G-the*freeZing points of pure lead and pure

aluminiﬁm being taken as 327,3° and 660,0° C., respectively.

The composition of the aluminium~rich liquid at this point is

98,9% aluminium, ’The mutual solubility of liquid lead:and

aluminium is small belewkSGGQ Ce In the solid state,;lead‘and
aluminium~ére mutually insoluble. Liquid aluminium can téke,up‘
as much as 10% lead in the form of an emulsion or colloidal
suspension. The aluminium used in this investigation was

99, 953% pure.
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 ﬁlf;:crystallizat1@n was fonnd in the abeve reglen,‘exceptlng~ln_

. 19-2 51% s:.lver regieﬂ- Thls flxed the e""‘;et"‘e compos
:?7igi}2 3% 31lver, separatlng at 500~505 C.; The cemponents e

  51lver"Lead  : i o o L ‘ e L L

n Heyceck and Kev1lle8 fcand th&t the phase diagram een81sted '
‘;ef two curves 1ntersecting at a euteetlc, having a eomp681tlen

 f:}of 4% 31lver by welght and a temperature ef 504 .::f‘fff‘f*7 “ .

. G. J. Petrenk@g detenmined the phase dlagram for the systam   

‘:"?anﬁ feund it to. cens1st ef two curves intersectlmg at a eutectlc .

 wah1ch had*a:eomp061tzen ef 2 5% 31lver by weight at a‘temperature .

jifof 503 50‘ This eatectle mlxture was found te be haréer than “

“ 7‘F5_Y®ldi (w1th m, L. de A. Jimenez) 1nvestigated the system

i‘ ls11ver by'means ef thermal and phetomlcrographle f‘

‘fanalysis.~ No e@mpounﬁ f@rmatlon was found. Prlmary aﬂd \ut

“? fte be completely mlsclble in the liquld state.;;fff7 i' e

‘*1Lsilver.k 5~<-~-~-~=~ .

anﬁ Balph Hnltgrenll i

”5fi;Ha1m,H. ﬁhisW1c ‘ amined the
_ means ef XARays. They cenflrmed the absenee ef 1ntermed1 te

‘;phases._ Pewder patterns of samples ef 1ntermed1ate eemp631ti@n k

“?“ annealed fer 4 Weeks near the e‘teetle temperature shewe  the ‘;‘_g

  7ff presenee of two phases, whleh ware identlfled as the termlnal

“fft fsalid selutl@ns. The solubllity ef lead 1n smlver was feuné t@ o

 *ffff be much less than the value estimated by Hansen. j[?;i?j fff?“ 
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Silvér—Aluminiqg

wrightlg merely found that the metals were completely

miseible in the molten state.

Gautier'® determined the liquidus curve for the first time
(11 alloys) and found a maximum for the composition Agohl,

Heycock and Nevillel4 found that the freezing point of
silver was lowered to about 923° by the addition of l.4% aluminium.;

With the aid of thermal as well as microscopic analysis, ’
the éompesitien diagram (25 alloys) was eempletely.pletted for
the first time by Petrenkol®, He decided on the existence of
two compounds-AgzAl (7.69% Al by weight) and AgpAl (11.11% Al by
weight)., He could not verify the maximum found by Gautier énd
stated that it was more probable that the compound AggAl fcrmad
due to a peritectic reaction at 718° and the alloy with the
composition AlAgsz corresponded to ﬁhe end point of the periteetic
horizontal at 770°. A eutectic also occurred at about 69%~éilver
and 567°, He denied the existence of an Alaminium—rieh solid
solution. ,

Puschinls by the use of the drop of potential formulated
the composition AgAl (20% aluminium by weight)., This eempeﬁnd
was found by later investigators to be non-existent.

W, Broniewskil7 determined the electric conductivity, the
temperature coefficient of electrie resistance, the therms-electrie?
power, and the potential of silver-aluminium alloys. The curves
of the temperature coefficients and the thermo-electric power
show two marked maxima at 60.9% and 75.4% by volume of silver,
corresponding to the eoméounds AloAgz (85.71 wt, % Silver)‘and
AlAgz. The former cempoﬁnd does néi’agree with Petrenke's

results and since the latter 's work has the'greater justification,
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AlAg3 is taken as the second compound, not Alegg. Broniewski
confirmed the existenece of thes-aluminium-riech solid sé&atien
which Petrenko had denied.,

Beckmanla determined the existenee of the silver-rich «-so0lid
solution,

We Kr@lllg, studying the solid portion of the system also
confirmed thedA -solid solubility region and found that the
solubility of silver in aluminium began at 20° C. with at least
1.3% silver by weight and at about 525° reached at least 9%
silver by weight.

Hansen and Sachsg0 determined the existence of the silvef-
rich £~solid solutien,

M. Hansenzl deternined the composition diagram in the
region of 0-~60 wt. % silver, The liquidus eurve and the eutectic
temperature were determined by thermal analysis., The solidus
curves and the silver solubility curves were determined |
micrographically. The solubility of silver ranges from 6.?5%'
by weight at 200° to about 48% at the eutectic temperature. .
Below 200°, the solubility, as can be shown by hardness tests
gets still smaller, so that at room temperature the saturation
limit lies at less than 0,5% silver,

A, F, Westgren and A, J, Bradley22 investigated the systenm
by X-Ray analysis. They showed that the composition of the
compound Agzil= dphase, with an extremely nérrow;range of
homogeneity and has the same structure as B-Mn, (cubic with 20
atoms in the elementary cube). With higher temperatures, around
610° P'changes into 8 (with cubie space-centred lattice structure).

They found that the second intermediary ecrystallization (Y )
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is a solid solution of densest spherical packing, hexagonal
structure lying between 8.5 and 14.3 atomic % aluminium. The
possibility of a ecompound AggAl, (14.29 atomic % aluminium)
e§istiag, as suggested by Broniewski, was completely dissipated
by Westgren and Bradley, who studied some of Broniewski's
singular points and found them to be identical with the
aluminium-seturated solid solution.

Me Tazakigs found the solubility of silver in aluminium at
565° (eutectie temperature) to be about 24% silver, and about
9% silver at 400°, The silver-rich part of the diagram with the
exception of the eutectic points appears to be that of Petrenko's,

Enrico Grepa224 redetermined the whole system thermally and
found a third peritectic point at 698° and besides @ , 8 and Y
postulated a fourth phase, AgSAlg, whieh had previously net been
found, The compound AgSAlg formed a eutectic with a solid
solution of silver in aluminium at 567° and a concentration of
26,5% Aluminium ( in the text 39.5% is given which must be a
typographical error since the table aﬁd diagream clearly indicata
26.5% )o The solubility of silver in. aluminium is given as 45%
silver as derived from mieroscopic observation of specimens
annealed at various temperatures for different lengths of time.
A% room temperature the solubility is less than 0.,5% silver.
The solubility of aluminium in silver at room temperature is
4,2%. The part of Crepaz's diagrem which lies between 0 and
12% aluminium has been found to be theoretically unstable and
has been supplanted by later work,

25

Shuzo Ueono* ‘investigated the system by means of the

intensity of reflection of light. The intensity of reflection
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of silver is rapidly diminished by the addition of the aluminium
until it attains a minium at the middle of the series of the
solid solution, beyond which the intensity is again increased
through the influence of the compound AlAgg where it has a
. maximum, The curve then falls rapidly to the second compound
AlAgz, where there is a break, and continues to fall gradually
to a minimum at the eutectie, The curve of reflection runs
generally in a smooth horizontal line, except the part of the
two compounds of which AlAgz is characterized by a maximum and
AlAgz by a minimum, |

Hoar and Rowntree26.studied the equilibria of this systenm
above 69960, in the region of 0-15% aluminium by Weiéht. The
liquidus temperatures determined were found throughout to lie
5-10° higher than those obtained by Petrenko, presuﬁably due to
the use of purer aluminium (99.5%). The first peritectic
(X + melt= 6 ) was found to lie at 5-6.2% aluminium by weight
and 779°, The second peritectic (B + melt=" VY ) lies at 10-10,8%
aluminium and 729°, The o4/<+® and the <+&/8 boundaries slope
towards the axis with increase of temperature. Petrenko's
indication of these as vertical is put down as due to his
inability to determine the thermal changes, since the methods
of mierography were used to accurately determine these boundaries,

R, T, Phelps and W, P, DaveY27

chose this systenm tc.
investigate the nature of solid solution by means 6f X-rays.
They found that saturation of aluminium in silver was reached
at 5.4% aluminium by weight. PFurther addition of aluminiumk

gave aggregates of AgsAl of sufficient size to show X-ray
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diffraction patterns, They came to the conclusion that the
aluminium in the solid solution was chemically combined with
the adjacent silver, not a case of a direct substitution of
alumiiium atoms for silver in the silver lattice,

Coe Se Barrettga, E. Jette and F, Footezg, Se Kokubo®Y
and Ageew and ShoyketSl investigated this system independently,
could not confirm the findings of Phelps and Davéy. They come
to the eonelusion; by very accurate measurement of lattice
constants and density measurements that the solid solution is
substitutional in character. |

N. Ageew and D, Shoyket°?

studied the constitutional diagram
of the system up to 10% aluminium by micrographic examination,
X-ray analysis and hardness measurements., They found that the g’
phase decomposed on heating at 400°C, int@.a mixture of « and Y ,
The boundary of the o -field was determined by precision
measurements of the lattice parameter of the quenched alloys.
The boundary of the Y-field was determined by micregraphie
examination and X-ray analysis. A two-phase region (£ + Y')
was found separating ’she {3’ and P phases between 400° and 60066.
F, E, Tishtchenko®> by the method of thermal analysis
showed that at 771° Alags was formed, This undergoes a
transformation into 9' at 606°, Theemodification of AlAgs forms
a solid solution with aluminium, reaching a maximum saturation of
10,2% aluminium at 722°, The solubility of aluminium in AlAg,
decreases with a fall in temperature. 6LAlAg5 does not dissolve
aluminium at 722°, A eutectiec consisting of a ecombination ofv
AlyAg, and a solid solution of ¢ -AlAg; with 10.2% aluminium
separates, The compound AlgAgs is stable in fhe‘inverval 752-711°
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while below 711° it can exist only in’ the metastable state. The
' stable state below 711° is a solid solution of V™ which is a
solid solution of aluminium in AlAgg reaching saturation at
14.33% aluminium. A complete transformation of the metastable
A12Ag3 into the solid solution Y " oecurs only on prolonged
heating,. In the interval‘?ll~4099 crystals of Y/(solid solution
of silver in AlAg,) and @ coexist. Below 400° the aileys with
7¢7=11,1% aluminium exist as ﬁ‘(AlAgg) and VJ(AlAgg).

Hansen34 has the following to say regarding the above data.
"It can almost certainly be considered that the experimenter
has drawn false inferences by his explanation of his experiméntal
results; since his coneeption is in direct contradiction to the
results obtained by all the other investigators?

Hume-Rothery, Mabbott and Evans®® mieregraﬁhically
determined the solidus curves and the saturation boundary of the
A=-g0lid solution, Aside from small guantitative differences
the saturation boundaries of the £ -solid solution agree well
with that as found by Ageew and Shegket above,

Ichiji Obinata and Mosami Hagiya56

studied the system in

the range 0-11% aluminium'by X-ray analysis at ordinary and high
temperatures, by electric resistance methods and microscqpie
study. In the alloys containing 5.6 to 8.2% aluminium a
eutectoid and a metatectoid reaction take place, the temperatures
of which are 615° and 420° respectively. The metatectoid
reaction, d +Y=AgzAl can easily be suppressed by water-quenching
of the alloy. The eutectoid reaction B‘ér-*e(wis but little
supprasséd by the same treatment. The alloys quenched from

the @ -field consist of the y-phase, supersaturated with silver,
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showing roentgenographically the diffraction.linés belonging
to the hexagonal close-packed lattice., In the quenched
hypo-eutectoid alloys anomolous increases in the electrical
resistance was observed at 200° in heating. This was
attributed to the formation of the compound AgzAl.
Ageew and Shoyket37 Tepeated thelr previous Werksz,
verified their previous results and found that the silver-aluminium
eutect;c mixture on cooling formed the e'phase (AgsAl).
Tishtehenko .andy Lukash38 investigated the system up to 80%
silver by the thermal and mierostrueture methods. The experiments
confirmed the belief that in the liquid state the alloys contain
AgsAlg, which combines into complex compounds in the presence of
excess aluminium and which plays an important role in the
hardening process, Complex compounds are formed above 7500;
none below this temperature. The alloys containing 11,8-66,7%
silver have a transformation at 440° with a maximum break at
46.,5% of silver, This transformation corresponds to the
reerystallisation temperature of the § -solid solution. The
alloys with 66,7-85.,7% silver also have small breaks which are
explained by the same phenomensa, AgAly is formed in alloys
rich in aluminium at the eutectic temperature; 1t has no
transformation in the solid state, The solubility curve of
silver in aluminium, shows 46.5% silver at the eutectic
erystallization temperature and shows alloys containing 11.8%
of silver at 4400, and about 1% of silver at room temperature.
‘AgAl2 (but net Angl as found by M., Hansen-Mitt. deutsech.
Material prufungson'stalt, 5: 31, 1929 and 10 : 31, 1930)

separates along thevsalubility eurve,
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Ha jime Kato and Sadamu Nakamura59 investigated the

system by means of differential dilatometric analysis,

miecroscopic examination and X-ray analysis in the range 3

to 11% aluminium and established the equilibrium diagram

of the alloy rich in silver., Unfortunately this article is

published in Japanese and is unavailable to us,

Hideo Zaziri%0 studied the system by means of thermal

expansion, differential dilatation and mieroscopie structure,

He concluded that the boundary line between d~+V and v differs

somewhat from that given in previous papers. It lies virtually

on the ordinate of about 7.7% aluminium. spéeimens quenched

from the A+Y range and etched by a solution of 20 parts of
‘o water and 1 part of saturated Cr205 in Hp804 distinetly show

eutectic structures. The temper hardening of these alloys

occurs in a range of 56-9.5% of aluminium in silver, and if
these alloys are quenched at a temperature between 450 and 720°
and tempered at 200»35@6, Viekers hardness numbers of 300-365
are obtained, The hardening velocity of the alloys containing
more than 7.7% aluminium, whieh corresponds to the constituent “
of AggAl, differs from that of the alloys containing less
aluminium; the former rapidly reach the maximum hardness after
tempering, while the latter require at least several hours,
The alloy quenched from a temperature above 6@00; after
tempering, has a hardness higher than that quenched from a
lower temperature, presumably owing to the refining of grains
due to a eutectiec reaction., The hardening of the alloy is
caused by the hard constituent of 6' whieh is produced by the

reaction between A and Y due to tempering, while A and Y are
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obtained by quenching. An inerease in hardness caused by the
precipitation of supersaturated solid solution is not likely
to oeccur,.

G. I. Petrenko and F. A, Derkesch™l

investigated the
Widmanstaetten pattern in the system. .To avoid oxidation the
samples were covered with active C and sand, Those rich in
aluminium were treated with HF, The Widmanstaetten pattern
was observed in the region of 40-84% aluminium. The thermal
conditions under whieh this‘structuré appears depend on the
degree of solution of the solid solution., In the samples
with a concentration of 40-50% aluminium this pattern is
formed at ordinary cooling after crystaliisatien from the
liquid state and does not require any special heating to high
temperatures, The sélid solution of these coneentrations is
saturated with the & -phase, Samples with & higher aluminium
concentration give a Widmanstaetten patternvenly after
preliminary heatiﬁg at a high temperature for a long time,
Solid solutions of these concentrations are not completely
saturated with the A ~phase. |

¥, E, Tish’sehenko‘m investigated the region of the g -phase
(5=8,3% aluminium) thermally, and eenfirmed the correctness of
the diagrem obtained by Hoar and Rowntree, He disclosed the
constriction of the liquid and solid phase curves at 7,7-7.4%
aluminium (by weight). The eutectic decomposition of the @ -phase
at 606° gnd the formation of AlAgz at 456° were observed.

W. Hume-Rothery, G. V. Raynor, P, W, Reynolds, and H. K.
‘ Packer45 in the most recent work on the subject, determined

the equilibrium diagram for the system for 15 to 40 atomiec %
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aluminium, Unfortunately this paper eould not be made

available to us and as a result is not reproduced here.
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| Silver-Alumlniuanead

C. Re A, erght44 obtained the eritical curve for this
system, but no record was made of temperature other than tﬁe
fact that the alloys were first heated to about 870°, There
is no marked irregularity of contour visible ner\any tenaeﬁcy

towards convergence of the tie lines %o a fixed poiﬁt.‘ The

tie lines slope uniformly to the left, i.e. towards the lead

angle of the diagram.

Lerenz and Erbe4d studied the ternary systam t@ see if the:

distribution law could be applied. The miseibility curve was
plotted for 10660 They found that at 7509, w1th 31lver
centent of from 0-85% in the lighter phase end fram 0-8% in the

heavier phase, practieally no solubility of lead in aluminium ~ ‘

ex1sted. This was done, however, only by acting on the

assumption, that since part of the lead centent ef the alleys

could be explained by the ecolloidal phenomenon, then all the ‘;>;‘

lead present could be explained in this manners, That thls is

not so was recently shown by Gampbell and Ashley7

s also by

Kempf and Van Hern S , ;
A. N, Canmpbell and W, G, Wallaeeéﬁ'mapped the area of

partial miscibility for the ternary system by thermal aﬂalysis  :

and found it to extend te alloys containing a max1mﬂm.of 85 58% ‘_gi-~~~

silver and 4,71% lead by weight,. The temperature eorrespondlng‘~‘

to this area was found to fall at first until the temperature~

of 548,5° was reached, This was noted as the tsmyeratare[éf ‘

solidifieation of the alloy whieh contains silver and alamiﬁiﬁm ;

iﬁ thsir eutectic proportions and is saturated with leaé. The 7

‘temperature then increases to a max1mum ef abeut 736@ 1n the
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alloy containing about 80% silver and 14% lead. This temperature
maximum does not coinecide with the maximum of the 1iquiéus curvé
but lies well to the right of it. The hardness of the alloys
increases with added silver and lead until it attains a maximum
at the alloy having the composition AlAg2~Al eutectie plus

1,73% lead, After this point the increasing quantity of lead

present begins to reduce the hardness,
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Discussion of Previous Investigation.

The bibliography supplied herewith for the previous
'investigation carried out on the three binary systems and the
ternary, is believed by the writer to be the most complete in
existence., It is much more complete than that found in
Hansen's %Der Aufbeau der Z%eiéteff Legierungen", sﬁé Jane@kétS‘ ~
"Kurtzgefasstes aller Legierungenﬁ,‘the~two standar&;referéace

books usually employed.

Leaﬁ-élnminiam.

7

The work of Campbell and Ashley seems te be the most

recent and most exaeﬁ. This supplements the work of Hansem

and Blumentha15

and Kempf and Van HornG. The~oﬂly eontradlctofy
piece of research is that of Lorenz and Erbe45 in their work on
the ternary system, They obtained dlscerdant results for the )
éo;ubility of lead‘in alumlnlum‘for;slmllar‘experlments.‘ Thls
they put aown to the well known phenaﬁenon of alﬁminium takiﬂg.:‘
up a certaln amount of lead in the form of a 601101dal but

not true selutlon.’ To quote them, “ﬁhen the excess of lead in |

any one layer of cne trial must be explalnea by 091101dal
droplets of the heavier phase, so it cannot be seen why the
whole lead content cannot be explained in such é fashion“.‘ This
is given for experiments conducted isothéfmally at~?50°, and as‘:}gg-¢
proof of the discordancy the authors quote anélyses.differing “
by 5m° At 10000, however, although discardaﬁt results‘are still
obﬁained,,the authors choose to regard thé lowest lead analySis
as representing true solubility, and the excess lead in the

higher analyses is taken as colloidally dispersed lead,
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However further inspection will show that even at 1000° the
analyses differed by 3 and 4%. Why the authors chose %o
ignore this is not quite clear.

The colloidal effect while it is undoubtedly present, does
not necessarily mean a negation of true solubility. This is
realized by the above authors for their work at 10000,,yet is
ignored for the work at 750°, ‘The fact that a true solubility
does exist was amply démonstrated by Campbell and Ashley. The

diagram obtained by them is given in Fig, 2L,

~Silver~Leaé.

The results obtained by different investigators for this
system seem to be quite concordant. The diagram based on the

work of Petrenkog is given in Fig. 22,

Silver-Aluminium¢

This system is the most complex of the three, The first
investigation was carried out by Wrightlg in 1898, and the
complexity of the system and difficulty of invéstigation is
eviéeﬂced by the fact that papers are still being published on *
the system, the most recent one being that of Hume-ﬁathery et al.
The system as it is now generally accepted, barring slight
modifications, is based on the Wérk of Hoar and Bowntreegé, Ageew

and Shoyketsg, and M, HanseRZl. The equilibrium diagram given

in Fig. 23 is a composite diagrem embodying all accepted data,

as given by Hansen in "Der Aufbau der Zweistoff Legierungen®,

SilvereLead—Aluminiam.

As previously shown very little work has been done on the

43
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ternary system. The results obtained by Lorenz and Erb$45 agree
in general with the results obtained by Campbell arzz.d’%%’al:Laceg:6
excepting for the aluminium corner, which has been criticized
above, The tie-lines slope in the same direction as found by
Campbell and Wallace., A graphic representation of the work of
Lorenze and Erbe is given in Fig; 24; while Fig. 25 shows the
results of the work of Campbell and Wallace. -
It now ramalned for us to complete the 11qu1dus dlagram by k; 777i

‘ ascertalnlng the follew1ng' ‘ |
(1), the temperature and com9031t10n of the ternary eutectlc p01ut.
(2). the effect of the addition of lead on the first and second
peritectiec péints of the Ag-Al system. |
(5).kthe‘areas of primary crystallisation of the various phasés;‘
noting'homcgeneity and heterogeneity.

| The effect of lead on the solldus lines was also to be ~

studied if the method of thermal analy31s could throw any llght

on thls.
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Experimental,

Purity of Materials.

The silver used in this research was very pure, fine grain
silver., The lead had the following impurities:-
0,0001%
0.0025%

Ag

Cu

The aluminium used was the very purest available, obtained
through the courtesy of Dr. Frary and Mr, J.J. Bowman of the
Aluminium &am@any of Amﬁrica, to whom the thanks of the writer

are most gratefully offered. This following analysis was

supplied.
si :'0.0@7%
Fe = 0,01%
cu = 0 $20%
i = 0.001%
Al = remainder

Use of this very pure aluminium is extremely importaﬁt; since
in the binary system, lead-aluminium,investigated by Gampbell and
Ashley’, with 99.3% pure aluminium, and later with the aboves .
mentioned aluminium, it was noticed that the use of thekvery pure
aluminium had a decided effect on the composition and temperature

of basic points in the system as found with the impure aluminium,

(1)s The ternary eutectic point.

(a). Apparatus.
Since the temperatures involved were camparativeiy low, a
mercurial thermometer was employed as the temperatureéindieating‘“

‘deviee;“The thermometer was graduated in 0,5° and with the aid‘gf T
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a hand lens could be read to 0.05°. As a heating unit a
cylindrical furnace was comnstructed. This consisted of a
double layer of nichrome wire, connected in parallel, wound on
a sillimenite tube., The layers were coated with a solution of

Na 8103 whieh on hardening served to keep the wires in position,

2
The layers were separated by asbestos paper which also was

coated with the sodium silicate solution. A temperature of~45@°
could be reached and maintained with this furnace if so deéiredg
The graduated cooling was carried out by a bank of rheostats
connected in series with the furnace. The alloy was contained

in a hard glass teét-tube. The thermometer was partially encased
in a glass tube to preteet‘it from the action of the molten alloy.
Mercury was placed in the ftube to ensure good‘thermal contact.’ |

The thermometer could then be used as a stirrer as well as a

temperature indicator.

(b). General Procedure.

The apparatus was set up aé shown in Fig. 26. 150 grams of
lead were melted in the furnace in a large hard glass teét tube.‘
The thermometer and casing were now inserted, and‘the mélt
vigérously stirred with the thermometer acting as the stirrer,
Using Plato'372 method of graduated cooling, the freezing point 6f
the pure lead was found. The bank of rheostats was calibrated in
equal amounts, so that the introduction of a certain amount of
resistance per minute would cool the farnéee at the rate of 2,5°
per minute. On solidification the contraction of the metal would~:
cause the glass thermometer casing to break., To avoid this the ‘

metal was reheated immediately after solidifieation and the
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thermometer was removed,

Enough aluminium was now added to saturate the lead and thus
reach the binary eutectic, and the figures of Campbell and Ashley?
were checked, The aluminium was added to the molten lead and
plunged underneath fhe surface by means of the thermometer., A
cooling éurve was then taken. Small gquantities of silver were
now added to the binary eutectie, the temperature of solidifieatien,
being noted each time, At the attainment of the eutectic an k
excess of silver was added to’prove that the temperature of
solidification would get no lower, Before analysis thé alloy
was heat-treated in the molten state for 24 héurs to allow excess
aluminium and silver to separate out by gravity, also to allow
the aluminium to give up its colloidally dispersed lead. The
alloy was then analysed and the results are shown in Table I,

To show that the ternary eutectic was actually a condition
of true equilibrium, it should be approached from both sides
of the equilibrium. Accordingly the melting point of lead was
once more determinedg and then enough silver added to obtain
the binary silver-lead eutectic., Aluminium was then added until
a constant temperature of solidification was obtained. The

alloy was then heat-treated for 24 hours and analysed., The results

are shown in Table II.

(e). Method of Analysis.

The alloy was cut vertiecally and borings taken from various
parts of the alloy. The borings were then mixed thoroughly to
ensure uniformity. 10 grams of the alloy were now refluxed with

1:1 HNOz in a ground glass condenser until the borings had all
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dissolved., The Pb was then precipitated as PbSO,, by the’
addition of dilute 32804 and the precipitate discarded. The
filtrate, now free from lead, was made up to 500 c.c's.

The silver was precipitated as AgBr by adding excess KBr
solution to 50 c.e's of the above solution in the darkroom
under a red safe-light. A little HI\IO5 was added to prevent
peptization of the AgBr and the precipitate allowed to settle
overnight. It was then filtered through a sintered glass
crueible, the preeipitate was washed with water containing a
little HNOz, and then dried overnight at 100°C, and weighed as
AgBr, |

A new sample of 200 ec.c's Waé now taken for the Al analysis.
The Ag was removed by precipitation as AgCl with cold dilute
HCl., The aluminium was then estimated by the B-hydr@xyuquindline‘:‘
method, since this would give a very bulky precipitate and thus~r
traces of Al eould easily be estimated. The reagent was prepared:- 
by dissolving a sufficient amount of finely powdered 8-hydroxy—k |
quinoline in 2N acetic acid to form,é 5% solution. - The sample
was then made only slightly aeié; warmed to 50~6®° and treate& ;S
with an execess of the reagent. A solution of 2N ammoniam
acetate was now added until a permanent precipitate was obtained,
and then 20-25c.c's more of ammonium acetate was added to ensure
complete precipitation of the Al, The precipitate was allowed o
to settle overnight and then filtered through a sintered glass
ecrucible, The precipitate was then washed with cold water and
dried at 130°, It had the composition (CgH@QN)sﬁl and contained |
5.87% Al, |

For the analysis of the Pb .5 grams of the alloy borings
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Diagram of Apparatus for Thermal Analysis.
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were dissolved in l:1 HNOS. The Pb was then precipitated as

PbSO, in a casserole by the addition of 5 c.c's of conec, stoé;

4
The solution was then boiled until dense white fumes arose,
showing that the volatile acids and the water had been driven
off, 25 c.c's of Water were now added and the PbSO, was
filtered‘through a Gooch crucible., The precipitate was washed
with alecohol until theVWashingslno ionger reacted acid to
litmus. The Gooch was then dried at 120° and the precipitate

weighed as PbS04.

(2). Differential Thermal Analysis.

(a)s Apparatus. |

| The method used to obtain the data for points above the
ternary eutectic were all done by the method of differential
‘thermal analysis as suggeéted by Roberts«Aasten74, uSing |
Plato's method of slow Qoolingvg, as described previoaély.

The apparatus as assembled is shown in Plates I ~‘IV
inclusive, and diagramatically in Fig. 27. Essentially it
consisted of two eircuits, a poftentiometer circuit, and a
| reflecting galvonometer cireuit. The temperature was measuréd'k
by two thermocouples of the Pt-Pt/10% Rh type. The wires were
separated down their length by passing them through a thin-
walled double-bored sillimanite tube. This was in turn encased~

in an outer sillimenite tube to protect the thermocouple

junction from the action of the molten metals.k One thermocouple

was inserted into the molten alloy and connected directly te a

potentiometer through a sensitive galvonometer. Thus from the

readings of the potentiometer the absolute température'of the
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alloy could be determined if the thermocouple was calibrated,
The potentiometer could be read to one mierovolt, which was
equivalent to a change of 0.10 in the temperature.

The action of a thermocouple is based on the assumption
that the E.M.F. generated is the result of a temperature
difference between a hot Jjunction and a cold junetion, the cold
junction being the point at which the wires of the couple make
contact with the leads. If the cold junction is at 0°C. the
potentiemetric readings will thus indicate the true temperature
of the alloy. Since it would be inconvenient to maintain a
temperature of OOC, the leads were passed through a test tube
immersed in a beaker of water at room temperature, Thus the
temperature shown by the potentiometer would indicate the
difference in temperature between the alloy and the beaker of
water., The true temperature would thus be obtained by adding
the temperature of the beaker of water to the.difference of
temperature, A mercurial thermometer graduated in O.lo was
used tb indicate the temperature of the cold junction. The“
lead accumulator used was balanced against a’standara éell
before, and after, each experiment,

The other thermocouple was placed in a neutral body, which
consisted of a cylinder of copper, of approximately the same
thermal capacity as that of the alloy. A hole was bored in the
centre of the cylinder to about two-thirds of its depth, the
diameter of the hole just being sufficiently large té accomodate
the thermocouple casing. This thermocouple was connected

diffefentially with the first, connecting Pt to Pt and Pt/Rh
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‘to Pt/Rh. This Wwas then connected to a delicate reflecting
galvanometer with a sensitivity of\SXlongamps. per mm, Thus
the neutral body would cool with the furnace and the difference
curve would show zero displacement, or at the most, a small

constant displacement as long as the alloy cooled normally,

with the furnace, When a thermal effect takes place in the alloy,

the alloy will suffer delayed cooling, or will maintain a eonsﬁantgﬁgg

temperature until the change is complete. The cbpper eylinder
will however go on eoeling; and the difference curve will show
a sudden sharp deviation.

The furnace in which the alloyswere melted was of the
electrical resistance type, and was capable of maintaining a
tem@eratufe of 950° for a long pefiod of time, but temperatures
slightly over 1000° could be reached. The cover of the furnéce
had two holes through which the thermocouple casings could be in-
serted. The holes were large enough to permit free movement of
the thermocouple casings ‘so that the alloy ceould be stirred, yet
they were not large enough to allow much heat to escape by |
radlatlgn. k

In order to cool the furnace gradually, a resistance was
constructed as shown in Plate IV, This consisted of a long
piece of nichrome wire strung out on a sheet of asbestos. The
resistance wire was so divided, that by moving a movable‘eontaet
one division per minute, the furnace would cool at the rate éf
29 per minute. This slow cooling served %o increase the
sensitivity and thus show up small thermal effects.

The cracibles used to contain the alloy were made of

alundum and were found by experience to be the most satisfactory
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for the work required.,

(b)e Calibration.

The absolute thermocouple was calibrated from the freezingé
points of the following very pure substances,
tin - 231,99C.
lead - 327,.5°C,
zine - 660;006. ‘
sodium chloride - 801,0°C.
silver - 960,5°C, |
The silver-afuminium first peritectic,point was also obtained
very sharply, and this was then used as a point for célibration’ .
(779%.).

The potentiometric feadings were plotted'againsﬁ the
difference in temperature between the hot and the cold junetion.

The differentially conneected thermocouples were ealibr&ted“

in the following manner, The couples were each placed in a bath

of water, one of which was kept constant at room temperatnre;
The other was gradﬁally heated, and at one minuté intervals‘
simultaneous réadings were taken of the displaceaent on the
scale‘of the reflecting galvanometer and the temperature Qf the‘;
two baths. In this mannmer it was found that the reflecting
galvonometer gave a displacement in the eyePiece of 1 mm.‘per
0.3, | | -

The calibration of the absolute thermocouple Was checked
periodically to make sure that no conbamination had been picked
up by the fhermocouple.

(e). Method of taking cooling curves.

The silver was melted in the alundum crucible, the eracible



being placeékinﬁo the furnace when the furnace Waslat‘the required
temperature, to cut down oxidation. %hen the silver was molten,
the alumlnlum and lead were plunged beneath the surface and the
alloy was stirred vigorously with the thermocouple casing. The
 total weight of alloy taken was usually 100 grams. ‘To ont déwn
oxidation, it was at first attempted to ﬁeep the alloy under a

‘coatlng of molten KCl as was recommended by previous Workers,;‘

" This was found to be qulte satlsfactory if the alloy was alreadyf‘:%?~F
homogeneous. However if an addltlon had to be made, the KC1
impeded thesobtaining‘of a hbmqgéneous mixture, énd thﬁs was f;J
diséarded.' The‘therm0couple casing was allowed %o heat up with
the allOJ, since pla01ng the cold casing into the alloy Would
cause the casing to snap. As soon as a test was completed the i -
alloy was reheated and the casing removed, since 1f it was left
to cool %o room,temperature, on reneaflng the dlfference 1n ;
‘coeffients of expan31on would crack the ca51ng. ‘

When the alloy was entlrely molten, it was stlrred

‘;v1gorously with the ca31ng and kept at that temperature for a :

~short perlod of time, The r681stance was then gradually G
1ncreased mov1ng the movable contact one lelSlOn per mlnute. o
Readings on the-potentlomster and galvonometer were taken alter—?
nately every half minute. Saéh an experiment usually lasted |
about 4 hours. These readings were then plotted on the same :
graph and from this the temperature of the thérmél effects coulé
be determined with greaﬁ‘Sensitivity{

(d); General Method of Proceddre.‘

; An alloy of the comp051t10n of the hlgher Ag-Al perltectlc‘f“

was made up, and a coollng curve taken to see Whether, Wlth our
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very sensitive apparatus, the changes in the solid state were
detectable, It was soon seen that they were, and thus the
effect of lead on the eutectoid and the compound separation
could be studied thermally. Otherwise only micrographic and
X-ray analysis could deal with this.

| Accordingly an alloy of the composition of the first
peritectic was made up and lead added to this in increasing
quantifies. The resﬁits obtained however were discordant, ‘Only
by suppesiﬁg that a very high ﬁoint eXistea on'the partial
miseibility curve could they be justified. Aceordingly alloys
no, 5,6;7,8,9, and 10, which had been prepared by Wallace, were
examined thermally and his points were checked, The results
arekgivén in Table III. Although as can be seen certain changes
were méde, yet the temperaﬁures ebtained were nét high enoagh

to justify a high point on the miscibility curve. On enalysis
of our dwa alloy it was founé that the composition had altered

greatly due to oxidation, the Al gradually burning off,kthe;net

result being‘to bring the alloy composition close to the Ag-Pb

binary system and thus raise the temperature of solidification.
Attempts to find sueh a high point by the preparation of certain
alloys also proved fruitless. Thus this method of investigation
had to be dropped. | |

It was now.réselved to map the diagram in detail by
"sectioning™ it, as showrin Fig. 28. The method employed was
to startkwiﬁh an alloy éf a certain known composition and

analyze it thermally. The required composition for the next

alloy was obtained by adding the required amounts of Pb and Al.

After each line in the 'section had been completed the alloy
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was analysed chemically and a small correction made for
oxidation. The results for the four lines studied are shown
in Tables IV to VII inelusive. The results obtained for each
line were plotted graphiecally, each actually being a vertical
plane through the solid diagram. The graphical results arek
shown in Figs. 29-32 inec. The end results were plotted on a

magnified‘diagram and are~givén by Fig. 33.

(e). Analysis.
The allcy was heated till molten and then quenched in a

steel mould, This was done to insure homogeneity for analysis,
since if the alloy were allowed to cool slowly, segregation
would result. Borings were then taken from various parts of
the gquenched alloy, mixed and,remixed.  |

5 grams of the borings were refluxed with 1.1 HNOz in a
ground-glass condenser until they had dissolved; ‘The solution
was then made up to 250 e,c?s. 25 c.c's of this solution‘were‘
then taken and the silver content determined by titratioﬁ~with‘
KCNS using ferric indiecator.

50 c.c's were then pipetted off from the original solution

for the Pb analysis. The Ag was removed as AgCl by precipitation

with cold dilute HC1 and filtered., Sodium acetate was then added
111 the solution smelled strongly of acetic acid. Then excess
Kglr0, was added until a permanent precipitate was obtaihed,
This was filtered through a Gooch crucible, dried at 1800 and
weighed as lead chromate,

To the filtrate conc. NH,OH was added, with constant

4 ; ;
stirring, until a permanent precipitate of the aluminium basie
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acetate was obtained., This was boiled until it had coagulated,
filtered, and ignited. The residue was weighed as‘AlgOg.

Since all the alloys considered here contained more than
80% Ag, the colloidal phenomenon previously mentioned could
be ignored, since it does not occur in alloys with more than

80% Ag, and the Pb analyses could be taken as correct.
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The data obtained by adding lead to the Pb-Al binary

eutectic is given below in Table I,

Table I.

e e s o
Temperature of

Composition Primary Crystallisation Eutectic Temp.,
Pb 527.5°C, e
Pbflgrm. AL 327.0 —————
moow o ml 07%Ag 326,53 ————e
wooow n/ 13%Ag 325,88  eeee-
v n/ 20%Ag 3245 e
noon ol 26%Ag 323.4 m————
wooow onl 33RAp 322.6 ————
nooown L A0%Ae 522.6 ' e
® ow wl apfAs 521.4 s
mooon w507 A0 321,0 ————
moown ow) 5odag 320,6 e
won nf 50%8g 3197 ———
v/ 66%AL 318,.8 ————
wooow ol 73%Ag 318.0 ——
v el ofAg Bl7.4  mmee-
woom ol sedse 3167 304.1°C,
moowm ol ondag 316.0k 304.1
wooon o ml] 00%Ag 315,7 304,2
woom o /1 50%4g 312.8 303.9
wooom w1 50%Ag 310.4 304,2
moon ] 65%Ag 308,53 304,0
moon o nl1,85%Ac 307, 9 304,1
woon w3 05%Ag 307.3 04,1
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Continuation of Table I,

Temperature of

Composition Primary Crystallisation Eutectic Temp.
Pbflgrm.Al£2.11%Ag 506;9 ; , 304,1
" woonl2,18%Ag : 306.1 304.1
" v mlo 50%AL ————— 304, 2

On analysis, the ternary eutectic point was found to be
almost identical with the binarykﬂg-Pb eﬁtectic in cempésitieﬁ;
containing only traces ofAélumiﬁium, less than G.l%. The v
temperature is also almost identical, being found to be 304.1°C,
The composition and temperature of the binary eutectic are given
as 2.30% Ag and 300-305° by Yoldi and Jimenez.lo Our results for
the binary Ag-Pb eutectic gave 2.30% Ag and a temperature of‘
304.,1°C. |

Table II shows the effeet of adding Al to the Pb-Ag binary

eutectic.
Table II.
Temperature or o : .
Composition Prlmary Grystalllsatlon Eutectic Temp.
Pbf2.5%4g ' vmbkimahie 304.1
Pb#2.5%AgE.07%Ag -———— 304,1
Pb£2.5%Aek . 13%AL ‘ e 304.1

Analysis of the alloy showed it to be of the same
composition as the above eutectic alloy.
Table III gives the resultsobtained from the thermal

analysis of Wallace's alloys.
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Table IIT.

Alloy No, Wallace's Results Results Obtained

5. 581.6 584.8
548.,7 550,0

6o 664.6 665.0
548,1 550,0

7. 69747 700.0

8. 725,35 708.5

9. 728.5 717.0
10. 73643 36,0

Table IV corresponds to Line 1 in the sectioning diagram.

Pb and Al were added to Ag in the ratio AL/Pb = 6.8/1.

Table IV(a)

Analysis of alloys.

No, wt, % Pb _wt. % Al wt, % Ag
L. .70 4,90 94.40
2. .80 5.80 953,40

3, 1,00 660 92.40
4, 1,10 7490 91,00
5, 1,30 9,00 89,70
6 1.40 9.80 88.80
e 1.50 10.60 87.90
8. 1.60 11.30 87,10
9, 1.76 12,00 '

86,24




Thermal effects noted in eXamiﬁatian of the above alloys.

Table IV(b)

All@y No, Tamp. of Thermal Effect Natare‘of Thermal‘ﬁffeé%‘

1.

815,2°¢C, v B ‘cﬂ-crystallisatienk?
769.2 First Peritectic
601.8(very weak) Eutedtoid“

2,

‘59658{:"‘?“”_ )  ‘:“Gempbané Separation

783.6 “ . ‘~‘~a<~cryStallisatien;‘
764,8 . First Peritectic
597.7 ‘Eutectoid

402.7 CEE | cempognd‘Separatien :~~

3,

1 602.5 | Eutectoid

773.8 B-crystallisation

(or peritectic)

- 405.8 SR Gomgoﬁna Separation

4,

762.8 | P —crystallisation

612.8(very weak) Eutectoid |
411.4(" " ) Compound Separation

B,

751.0 e “[ €é¢rystallisa€ion- ‘

718.0(very weak) Second Peritectie .

6o

753540 | P -crystallisation

7087 ~ Second Periteotic

7.

712,35 Second Peritectic

8.

714.5 . Yeorystallisation

9,







Fig, 29 shows the plane vertical section.

4,90%A1 and VO%Pb. The

The limit of the & =solubility =

first peritecticﬂeccurs at a compositlon of Al 6o 60%, Pb =

Ag = 92.40% and at a temperature of 769. 0°.

= 1.00%,

The second perltectlc oceurs at a comp051t10n of lG 6%Al,

1 50%Pb and 87,9%Ag, at a temperature of 716. o . : :
1, vo%Al and 50%Pb.kj;j; g
‘The maximum width of @ = 2. 40%A1 and .40?‘1313. -

Wldth of the first beritectic gap

‘-Wldth @f the seeond perlteetlc gap l 60%&1 and SO%FB.

~The eutect01d temperature remains eonstant at 6@1 .

“The temperatura of eompound separatlon varles from 590-410;._

Table V eorrespcnﬁs to line 2 1n the sectlonlng dlagram.

b and 41 were added to 4g in the ratio of Al/Pb 4. 5/1. .

Table Y(a)

Analy31s of the alloys.

o Wt. % Ag

_ N,  m, % Pb w’ca % a1 _
Gk 1.00 390 age

2. 1.10 4,60 e 50  {] “‘;
B, 1.30 5.20 = W
4. 1.40 6,00 “92 so<‘j;g=
5. - 1,60 6.60 sl.0
6. 1,83 7.32 | ;9@;;5;1
7, 1.90 8.40 89.70
8. 2,00 9.25 88, 75~ ‘U .
9. 2,30  9.85   87 85 ‘*  ‘ “




e

Thermal effects noted in the examination of the abaﬁe‘alloys.

Table V(b)

,Alieykme. __Temp, cf‘Thermal Effect' Nature ef Thermal Effect
1. | 844.008, oﬂ-crystalllsatlon | |
2. 817.6 a<~erystallisatien 

| 763.0 Flrst Perltactle
603.0 Eutectoid
| 76647 First Peritectic
598.0 Eutectoid |
401.9 Compound Separationj~*  
4, 780,0 c&«erysﬁalllsati@nr“
‘764;0 Flrst Peritectlc:i“ 
603.,0 Eutectold ‘k
404.0 C@mpound Separatlen;5 }
54 784.7 ‘5x~~crystalllsatlen 
| 767,7 1First Peritectle 1
601,.3 ‘Euteet01d ;
395,4 ~com@ound‘separation~‘
6o 760,5 ﬁ-—crys’calllsatun
598.3 ‘EButectoid .
389,0 Gompeund,Separétion~kf
7. 60,5 e -crystallisation
725.0 Second ?erltectle |
: 709,1 ‘quuldus | |
598.2 ‘ Eateet01@;
406,2 Compound Separatioﬁ






Continuation Table V(b)

_A4lloy No. Temp. of Thermal Effect Nature of Thermal Effect
8. : 747,7 . B-crystallisation
| 720.8 ‘Second Peritectic -
~765.2  ‘L1qu1dus |
598.0: k |  ‘Eutecte1d | |
9890  compound Separation

~9?‘: L g “  ~ ~ f‘-crystallisatlan fﬁf
S ; ?04;li “ ~:»;   ~ }Liqulius ;    :i f ~U

f€” ? 5 ?  ¥: f f :   ; ,

Flg. 30 shows the plane vertieal sect10n.~

The 1m1t of the d-solu.blllty 4 60%,&1 and 1. 1&%%. -

The flrst perltectlc oecurs at a cemp031tlon of 7 2®%Al,>f7ﬂ
1. 6G7Pb Ql.EO%Ag, and at a temperature of 764, 0 .:; e

The seeond perltectlc eecurs at a compos1t10n of 10 ZS%Al‘

2 2‘7‘7’Pb and 8‘? 50%Ag, a’s a temperature of 720 e ; ‘
'_Wldth of the first perltectlc gap = 2, 60%Al and .SG?Pb. -
 The maximum mdth of @ = 1.20%41 end .30%Pb.f’ .

“‘~fwldth cf the secend perltectlc gap w1l Bs%Al and .577Pb.‘ f 1“
‘The euteet01d temperature remains constant at 601 .;‘ 7‘ ‘
The temperature of compoand seyaraﬁlon varles fram 389 te; 
Table VI corresponds tc llne 3 1n the sectlonlng dlagram.‘  ‘¥

Pb and Al were a@.ded to Ag in the I‘atlo of Al/Pb 2. 95/1. .



Table Vi(a

)

Analysvs of the Alloys.

No.

wh, % Pb

Wt; % Al

Wto % Ag

1.

20
3.
4o

5,
6o

7

&
9

1.60
1,80
2.00

2,50
2.60

- 2.80
3,10

- 3.50

5,60

4,40

9,20
6060 :

6470

7440
 8;30~

8.90
9.70

10,40

- 92,00
~;93.¢@_
92,00
.~9i25@3

88*90‘
: av ee
. ;36 00

Thefmal effects neted 1n the exam1natlon of the abova alloys. : ~f

k Table VI(b)

1,

“ 854.500.

:Allgy KQ¢"‘T emp. of Thermal Effect Nature of Thermal Effect

,(-erystalls.satmnfﬂ L

615.2
774,5
‘6@6;7
1380,7

9( “CI?YStalllsa-blon? i

Flrst Periteetle   fff} . B

Eutect01d

;~00mpound~se§aratien ‘

3e

7e8.5
604.5
3770

Fifst'?eriteétic_7  f;1?

uute&told

‘Comnound Separation‘

4,

774,0
 761,0
599;0
*597q9

< Flrst Perltectlc ;  ;‘ “

a(-erystalllsatleni}‘ 

Enteetoid ‘

Compound Separatién ~

woe
“589?59“f‘ 






Continuation of Table VI(b)

Alloy No. kTampo‘af Thermal Effect Hature of Thefmal Effect

5o 760.0 e-crystallisatlon
717 6(very Weak) ~ Second Perlteetle
605 0 Butectold
595.0 i ‘ ; Gompouné_Separation
6. | w0 B —crystallisation -

709.5  Second Peritectic
600.5(very weak)  Hutectoid
392.,5( " " )  Compound Separation

7, - i | 729,0 . ,i“ @féérysﬁallisaﬁién ‘

| 706,00 ~ Second Peritectick7 ‘ff 
‘8; ‘ - 725.0  ;““ k ‘@4-crystalllsat1@nk‘  i‘
| | 707.,0 S ‘Secﬁnd;Periteetlc. 5kkH
9.  .  ‘708,@ L _ : Sééen&ifsritectié“kk

Flg. 31 shows the plane vertlcal seetlon. ;

| Tha llmlt of ‘the o —solublllty 5. 2G%Al and 1, SG%Pb.
The Tirst perltectzc occurs at a composition of 7, 10%&1

2.4%Pb and 90.50%4g, at a temperature of 760,07, |

‘ The second perltectlc occurs at a comp031tlon of lO 4@?Al ; 

3.60%Pb and 86.00%4g, at a temperature of 708, 0%, o
Width of the first peritectic gap = 1 86% Al and 64%Pb.
The maximum width of @ = O. 37541 and 0, lE%Pb. e
‘Width of the second perlteetlc gap 5 00%A1 and l GG%Pb.
‘The eutectoid temperature remains constant at 6@3 . ‘ ~‘:r Q‘:JJH

The temperature af cemnound separatlon varies from 377 to 5970



7 (§9):

Tabie VII corresponds to llne 4 in the seetlonlng dlagram. 

Pb and Al were added to Ag in the ratio of Al/Pb - 1.34/1.

Table VITI(

a)

Analysis of the alloys.

No, ‘wf. % Pb wte % AL W, % Ag

1o 4,70 6.50 k89;09

2. 5,00 6,70 88.30

3o 5.35 7,253 87,42

4, 5,59 7,55 86.86
- Table VII( )

Thermal efzects noted 1n the ezﬂmlnatlon of the above alloys,

kﬁature‘of‘TherﬁalkEffegt &

Alloy‘No.‘ Temp. of Thermal Errect
1, 799 59 c. o -crystallisation
750.5 First Peritectic
: 716.3(very weak) ‘Liquidus | |
595,53 Butectoid
383,0 Gompound SeparatiOﬁ 
2. 7777 o -crystallisation
749.7 First ?erltectlc
713,7(weak) Llauldus
1598,3 | Eutectoid
384,3 - Compound Separétién
3, 757,8 A -crystailisation’~
740.8 First Peritectic
708.1(weak) ‘LiquidQS
591.5 Eutectoidkk
380,0 Compound Separation
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Continuation of Table VII(b)

Alloy No. Temp. of Thermal Effect Nature of Thermal Effect‘

4, 738,8 First Peritectic
711.0(weak) Liquidus
594,.2 | Eutectoid

381.5 _ Compound Separation

Fig, 32 shows the plane vertical section, ‘
The first peritectic occurs at a composition of ?.55%@;,

5.59%Pb and 86,86%Ag, at e temperature of 738,8°,
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Discussion of Resulbs.

The resulis éhown in Table I and II show that only one
ternary eutectic point exists, being almost identical with the
binary Ag-Pb eutectic in temperature and composition. The
phases in eguilibrium with the liquid melt are Ag, Pb and
presumably Y . The end member of the ¥ series of solid solutions
is either_the compound AgAls, as found by many previous qukers,
or the compound QlAgg, as found by Tishtchenko,and:Lukashzs."

The examination of certain singular alloys prepared by
Waiiaceé6 showed good agreement,‘within the limits of experim&ntaif
error with his results, execept in the case of alloys No. 8 and 9,
as shown in Table III, The éiffefenee in results found in these
’two~alléys was due to a différence in the calibration cut#e;of “
the absolute thermocouple, since potentiometric réadinéSjalmQSt
identical withohis were obtained, Since our calibration curve
was plotted~with‘several points occuring directly in the area
under consideration, and since later results obtained were found
to bear out our results here,‘it must be assumed that the data.
obtained ferithése two alloys is more aecurate; agd~aécerdinglyn
théy were placed in the diégram. | |

Thermal analysis does not show any solid solubility of Pb
in the 4 , 8 and Y: phases. The eutectoid reaction @39‘+Y
would show a tempefétgre“chaﬁge if s0lid solubility oceurred in
~any of these phases. ﬁomeverfas the following graph‘éhows, the
eutectoid temperatmre variation is due only to experimental
errér, the temperatures varying in different direetions,

- regardless of‘the‘amount of Pb added,



608 .

604 ]
o. 6009 %° b °
Temp. Co : o o ; :
596 |o ° 8 IRE A
592 °

.7 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 55 5.0
Wt. % Pb added.

The eutectoid temperature has been found by vafious workers
to be "around 610°%2%, 600032, 615956, 606",  our results show
an average of 6010.

The temperature of compound separation also gives no elue‘to
| eny solubility. It was found to vary‘betweenséso and 4056,f‘
regardleés of the amount of Pb added., This #ariation‘is aiso
found in results given in the literature, Differént investigators
o B2, 3B 0% 42
place this temperature at 400 , 400 , 420 , and 456 .
| Investigation into the §~-Untmischung proved fruitless:sinée_
even withkvery slow cooling (1° per‘minute), the effect could
not be detected thermally in the Ag-Al system. This is borme out
by Hansengl, who determined the 3 regién‘mierographically. |

The Solubility of Pb in the‘a(; 8 and v regions is being  =
determined micrographically. Solubility ékab in the o phase_is
extremely improbable, however, since the A phase will bear the
| Ag space lattioe, and the Pb-Ag binary system shows that Pb andk‘
Ag are mutually insoluble.in the solid state,  Micr0graphie
determination is not possible however for the B region, sincek
aoeoréing to Obinata and Hagiyaﬁs, Westgren and Bradleyzz; aﬁd‘:
Ageew and Sheyketgg, the B = A+ Y reaction cannot be repressed by
guenching., Thus X-ray analysis is necessary to prove the matter

conelusively, The thermal analysis shows negative reSalts.‘
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Fig. 33 is a magnified section, being a projection on the
base of the right prism; The results‘of Figs. 29-32 are plotted
on this section, and the liquidus diagram is thus shown, with
appropriate temperatures.

In the area ABC primary crystallisation of a solid solution
of the £ series would take place, corresponding to the compositi
of the melt. The Pb will remain in the residual liquid which wi
solidify at the ternéry eutectic point.

In the region bounded by the lines BD, BC, ﬁJ, and the
miseibility curve, heterogeneity will occur. A solid solution o
the < =phase will be the primary crystallisation. With falling
temperafure at the transition point the @ phase will form., The
residual liquid will then solidify at the ternary eutectic. Par
of the ¢4/44-? boundary is drawn dotted since time did not
permit its complete determination. This is being done by the
thermal analysis of another sectioning line,

The region of occurence of homogeneous @ 1is bounded by the
area DEF., Thus the @ phase will be the primary erystallisation.
The Pb will remain in the residual ligquid, which will finally
solidify at the ternary eutectic.

The area EGHJF will also be an area of heterogeneity. The
primary erystallisation is @ which will chenge %o Y at the
appropriate transition point. The residual liquid containing tt
Pb solidifies at the ternary eutectic. The ﬁ/ﬂ%—Y’ boundary it
shown dotted., The points shown in squares represent the alloys
‘Which shdw homogeneous @ crystallisation., That is, no second
peritectic oceurs to show a transition to the Y phase. The allc

also show the eutectoid, and compound separation. The points



Al

Liquidus Diagram of the

Ag-Al-Pb system.
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indicated by crosses represent the composition of the alloys whi
show heterogeneity, as evidenced by a transition to the Y -phas
at the second peritectic, and thus do not show the eutectoid, o1
compound separation. As can be seen a slight hysteresis occurs
the case of one alloy. However it must be remembered that the
diagram is greatly magnified and slight errors in analysis would
show up greatly. Also, the solid separating is not of exactly
the same composition as the melt, and this would introduce a sme
error in plotting,.

The first peritectic line in the Ag-Al system on the addit]
of Pb intersects the partial miscibility curve at 7.90% Al,
7.60% Pb, 84.,50% o, e temperature drops from 779  to 727°.

The second peritectic line intersects the partial miscibil:
curve at 10.30% Al, 4.,10% Pb and 85.60% Ag. The temperature
drops from 720° to 708°.

If the partial miscibility curve had not intervened the twe

lines would have intersected at 11.,00% Al, 15,50% Pb and 73.50%
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Conclusions.

The ternary alloys of the system, silver, lead, and alumini
have been. investigated and the liquidus diagram completed.
1. No ternary compounds were found to have formed.
2, No solubility of Pb in the o ,p and Y phases was found.
3, The Tirst peritectic line in the Ag-Al system, with the addit
of Pb, intersects the partial miscibility curve at 7.,90% Al,
7.60% Pb and 84.50% Ag. The temperature drops from 779.0° %o
727.0°. |
4, The second peritectic line intersects the partial miscibility
curve at 10.30% Al, 4.10% Pb and 85.60% Ag. The temperature
drops from 729,0° to 708.0°%,
5., If the partial miscibility curve had not intervened, the two

lines would have intersected at 11.00% Al, 15.50% Pb and 73.50%
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