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ABSTRACT

In the system Ag.In the isothermal phase transformation at

2870C claimed previously by Weibke and Eggers does not exist. Meta-

o

stability of the y-phase and the indiuwm-phase at room temperature is
persistent. The boundaries of the intermediate phases have been rede-
termined. At room temperature the equilibrium Yaphase(hexagonal)exists
between 71.0 and 70.3 wte per cent silver, and has the cell dimensions
o} fe) o
a = 2:96) 4+ 0,002 A, c = 4,778 + 0,004 A, At 3257 and higher temperatures
‘the +y-phase region extends to higher indiwum concentrations than given
YePp g

by Weibke and Eggers., The order-disorder transformation of the v-phase
postulated by Hellner does not exist, The y-phase undergoes a metatectic

1.2 E} 0
phase~reaction at 205 Cs

3 J. » 3 3 . . OC ] h

At high temperatures the ligquidus lies approximately 8 C higher
than that determined by Weibke and Eggers.

At room temperature the € -phase exists between 67.5 to 65,0
per cent silver. At these compositions the cubic cell edges of the € -

o 0

phase are a = 9.878 + 0,004 A, 2 = 9,887 + 0,004 A respsctively. The
Y/(Y'# € ) boundary has been redetermined and extended. The order-disorder
transformation of the € -phase claimed by Weibke and Eggers doss not exist,
The heat effects ascribed to this transformation were shown to be due to
O Y

A new af phese is claimed to exist at approximately 73.8 wit. per

- , ~0
se reaction at 187°C, In

™

cent silver. It is formed by a peritectoid ph

the at-phase the silver atoms occupy the Tace-centered positions and the



indium atoms the corner positions of the cubic lattice. The intensities

of diffraction lines were calculated using such a model, and were qualitativew
ly in good agreement with the observed intensities of the a'-phase. The
cell edge of the a'-phase is 4,144 + 0,004 X at room temperature which is

the same within experimental error as that of the a-phase.

Indications are that the ¢-§hase‘ﬁaéwa cémposition of a few
tenths of a per cent silver higher than that given by AgZIn.

4 new phase diagram of the system Ag-In was constructed.

In the ternary system Al-In-Ag, a2 number of alloys were examined
and a room-temperature isothermal section was constructed. Isothermal
sections wére also constructed at 143°C and 148°C. A& room femperature
section giving the region of metastability in the ternary system was con-
structed. Three Vertical Sections were obfained by D.T.A. showing that
invariant phase~transformations occur at 143°C (ternary eutectic), 148°C,

205°C, 241°C, 50600; the latter are ternary peritectic transformations.

-~ -The -high temperature B-phase of the binaries Ag-Al, and Ag-In forms a

single-phase region in the ternary system, i.e. the two binary phases
Ag3A1 (B) and AgBIn (B) are miscible in all proportions forming a single
phase.,

Some evidence indicates that the‘ﬁL-phase of the system Ag~Al
is not of the B-Manganese type, but is primitive cubic with a cell edge

o :
of a = 4,051 A. Further work is required on this point.
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- . INTRODUCTION

Before any measurements can be made of particular properties of
individual alloy phases the renge of homogen@ity of phases must be es.
tablished as a function of composition and temperature, In theoretical
discussions, reference is'usually first made to the stebility of phases,
Thus, directiy or indirectly, equilibrium phasemdiagrams of 2lloys are of
fundamental impbrtancee Although a nmumber of "rules" have been established

' .

which can "predict! to some extent the cceurrence of certain phases, no

complete theory of alloys exists which would make the construction of phase-

6]

diagrems a purely theorcetical problem, It is conceivable that with present«
day high~spzed electronic computers the pertinent differential eguations,
based on the known laws of guantwum mechanics, could be solved for an alloy
: ¥ : J
systen, but, no structure of a compoimd of any complexity has bsen pra.
dicted successfully, as yet, on the basis of atomic paramsters and auantun
J$ ° p 2

mechanics, let slene a complete phase diagram, The consiruction of pha se-

diagrams is still largely dependent on experiment .




THE NATURE OF THE PRORLEWM

The object of the present investigation was to establish the

]

equilibrium phess.diagram of the gystem Silver«Indium iﬁ\detail, and to
detefmine to some extent the phase-dispram of the ternary system Silver-
’IndiummAluminiwne |

Although the system Silver-Indium has been studied previously

hJ

(29v30961) the findings centradict each other to a considerable degree in

y

the composition range of 23.40 wt, per cent indiwm. Both publishcd phase

diagrams #hich are reproduced in Figse 1 and 2, show some conflict with
"phase rule". Except for the torminal a-phase, the boundaries of the

intermediate phasss were not established with any accuracys The other two

contiguous binary systems, "Aluminiuvm-S Silver! and "Indium-Silver' are

considered to be 1011 established, In particular, the less o mol@x system,

"Aluminivm.Silver", has been extensively investigated in the past by many
people, as discufuvd under “"The Binary System Alvminium-Silver", An

investigation of a ternary s"stem; is obvi oquv nora 13b0i10uSde time
consuming. Understandably, a detailed investigation of the ternary system
was not possible within the given time. With respact to the ternary system
my aim was to establish a ternary diasgram of a general nature.

Two systematic mothods can be used to determine a complete tern naxry

ction"

&)

phase diagrem: the "isothermal section” method and the "vertical s

method, with the latter nethod being predominantly used in the prasent in-.'

vestigation. Not all phasc boundaries covld be based directly on exXper-i.

3,

mental data, but I deduced them by applying uhv’ph wse rule' and interpolat-

ing availsble experimental datas.
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5

- A complication which is usua 11y anOLnLer >d to some degres in

phase~-equilibria studies is metastability. In the present investigatio

2

this phenomenon was particularly persistent within 2 certain composition
range, at lower temperatures, due to the presence of relatively low transe
formation temperatures in this system. It was epparent that equilibrimm
could not be:established within a reasenable length of time. I realized
that the presence of a mestastable phase in addition to the stsble phasss in
2 tcrja ry system would yield very complex X-ray diffraction patterns which

would be very difficult to interpret u&ambiguously, t was for this resason

that I did not use the latter method of identifying phases in the LCPhuTy

@

system. Photomicy aphlly on the other hand could be used to identify phases

the ternary system, because it was found that the etching colours of the

different phases established for thﬂ binary systens were practically the

('\

same in the ternary system,
To a limited extent, the ternary system "Aluminiun-Tndive-Silver"

has been investigated previounslye. Campbell andWagemann ( 72) determined the

Py

ternary '"'misc i ility gap" and the liquidus (.71). Except for this work the

ternary system has received no further attention.
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7

possible in principle to construct various phase bound~r1cs by integrating:
with respzct to temperature. To do this the functions E),Z and Ll}yvnust

be knewm explicitly in terms of temperature and COFHOSJt301 and this is

generally not the case. Uhere theoretical caleulations of equilibrium
curves have been made approxin Aataons have been introduced, The most cone
monly mede approximations are: One component being only spzringly or not
at 21l soluble in 2 phase; consideration of dilute repions only; An is
treated as independent of temperature in the F&ﬁév of integration; ideal
] : 0| ’ 2 3 2 2
behaviour .. %L- m}& + RT In X, for one or both components; and 1
i . ]
Taylor expansions for /Ah and ﬁLi in terms of composition. With such
epproximations various formulae of limited applicebility are obtained which
are useful provided certain starting points are knowm, but whi ¢h are obe
viously not valid for the general cass and cannot be used to caleulate a

»

complete phase diagrarm without resort to exparinent, unle

(‘)

58 the system is an

xcepticually simple one and "well behaved'" for the whole concentration

region,.



Structural Avproach

In a binary system of metals "A" and "B" each metal may be
capable of incorporation‘in the lattice of the other metal interstitially
or by substitution, to some extent without structural change. The alloy
formed in this way is called a2 terminal solid solution, based on "A" or
"B", Intefétitial solutions’can be formed only when one atow is very
rmuch smaller than the other. The small atom which is usually hydrogen,
boron, nitrogen or carbon fits into thevavailable spaces in the lattice
rather than substituting for other atoms on lattice sites. Paifs of
metels which have the same crystal structure.may form terminal solid sol.
ution for all concentrations e.g. Au - Ag, Cu ~ Pi, Ni - Mn, A prere-
quisite for such total mutual solubility to occur is that "A" and "BY
must have the same crystal structure bub other properties must be com=

patible as well such as having similer stomic diameters (usually within

15%).
In addition to the terminal solid solutions there may be one or
more intermediate phases formed, with structures different from those of

Ei

the pure components. The composition range of the intermediate phase may

or may not include the compositicn An Bm with "a" and "m" being small
integers and, the compositions of the intermediate phases may be completely
et veriance with classical vélency rules. In metal systems the intermediate

hases sometimes exist over a range of composition. Although there is funda.
p & p & "

>

mentally no differance between phases having either wide or restricted

vapiation in composition some writérs reserve the term "intermetallic

compound' for the latter case when the composition varlation is less than



one atomic pcﬂ cent.

The problem of predicting the resultant structures and their
fields of stability, on purely theoretical grounds, when two or more come
ponents are melted together has engaged the attention of a number of
theofe i ns in the past, but no complete solution has been achieved,
mainly beecause many factors dete?mjneibhe structure of alloys some of which
are not fully wnderstood.

A set of em?irical rules which explained and "predicted" to some
éxtent the cceurrence of certain phases in binary alloy systems was set
>f0fth in the classical work of Huwme-Rothery (7). He stated that the oo
currenceand stability of a number of phases could be wationalized in teyms
of three factors:

1) The relative size of the two atoms (size factor).

2) The velative electronegs ativity of the two atoms (electronegativity factor).
3) The valence eleetfon concentration per atom (veeoco) (the electronic

The efTect of atomic size on zlloy formstion was originaily f03mu1ated 45 g
negative rule, visz: at formation of extensive binary substit uti@na}isolid

kS

sclution is 1limited to cases vhere the diameters of the atoms of the tue

netals do not differ by more than 1415 pew cent (6).

The stability andoerurrence of a large number of intermediet

phases, the "Laves" vhascs, are slzo detewmined d primarily by the relative

size of the atoms, These phases are Gh&ﬁ““t@?iZ@d by & very high coordinae

ek ' . - .
tion mumber, 135 on the average. reoretrically this corresponds

to a




10

dense packing of snhozes of wnequal size, and this re equires both a limi:
YA
range of radius ratio “7r§“j for the two species as woll as a specific
composition, ”ABZ”, vhere "A" is the larger ztom and "B" the smallev
The Jdeal radius ratio for dense packing for spheres of unequal size is
1.225., The "Laves" phases can have one of the following structure type
Mgluy (cubic), Mg gZny (hexagonal) MgNi, - (hexagonal). These three str
tures are related by stawllngs of double layers in three different sequ

or they can be viewed as connected tetrahedra with the "B" atoms being

located at the corners of the totrahedron and the larger "A" gtom Titti

-into the space enclosed by the tetrahedron. The threo structures diffex

according to the way in which the tetrashedra are comected, by points,

ted

stone

S

UC =

ences,

ng

LX)

Cdébu s

bases, or a mixture of these, The "Laves" phases do in fact wsually show &

narrow homogeniety range, but not always. Thus the radius ratio of the
cumponents can frequently serve as a stability criterion for intermsdia
phases as well: If the radius ratic is nearly 1.2, the electronegativit

of the components nearly equal and thevee.¢.18 within certain limits, a

e

intermediate phase, .2 "Laves" phase, is most likely to form. Vhich type

"Laves" phase will be formed depends largely on the "electronic Tact
It is well knovm that the dismeter or radius of an element as

given by the distance of closast approach in the solid stzte is not

w
,CL
r
©
o’
faned
2
{ D
3
( b)
o
[SH
)_)y

constant quantity. The size of the atom May Vary co

the element with which an allov is formed. For example, the atomic siz
1 12

ance of closest approach of

defined in terms of taevdis

nd T, show a marked chanve when alloyed with noble wstals,; relabive t

or',




1

pure metals, If can.be stated fhat in general the atomic size in thé solid
state depends on the type of bonding, on the coordination numbef, and on
the atomic size and nature of the other component.  In spite of the rather
arbitrary definition of atowmic size, the "size factor' has been fourd to be
~useful as a rough guide to the possible formaticn of extensive solid solue
tion and the'stability'of certain iﬁtermediate phas

J.Do Eshelby (1) ealeulated the limit of stability of & solid
solution in terms of'relative size of the atoms on the basis of a continvum
tneory of lattice defects and showed that the sﬁabiliﬁyvlimit is meached
when the relative size exceeds 1% W 157, Thus, the empirical "size factor!
originally propesed by Hume-Rothery does have some theoretical Justification,

With reference to the electronsgativity fuCCO" the reasoning in
"predicting' ov raiJonalizlﬂw the existence of ]ntéjxvdLQLe pha ases and the
- existence of restricted primary solid sclution is as follows: The riore
elecﬁropasitive one component and the more electwo onegative the other, the
greater is the tendency to form an interediat ¢ phase. Conversely the
prlmar solid ooﬂbfaon range becomes more restricted. The homogeneity range
of the intermediste phase also becomes nore restricted, the more purely
jonic the bonding of the intermediate phase with the limiting case being a
"line compound” or an "intermetallic compound ',

The eléctronegativity factor is of course the predoninant factor
invelved in the formaticn of icnic compounds where the difference in elecw

- ~e

tronegativity is suffic iently great to permit electron transfer from the

metal Lo the nonemetsl with reduction of energy in the system. This transfer,



together with the interaction energy of the sys
Madelung ensrgy), is primarily responsible for

of the comvound. A feature of these compounds
XL =

12

tem of ions (Coulomb or

2

the formation angd stability

is that each icn is surrounded

to the maximum extent possible by ions of the opposite charge. The elec-.

1

“tronegativity factor which operates in such a clear fashion in the alkali

helides, is also invelved in a similar way in c¢

ompounds between metals.

give only two examples, MgQPb and Mgzsn show a somewhat ionic character,

In this case, the more electropositive metal ma
®

the cation and lead and tin that of the anion,

not complete there is no doubt that it occurs t

gnesium plays the role of
While transfer of charge

o some extent. Thus, the

relative electronegativities of atoms can indicate qualitatively whether

new phase is likely to form and the nature of the bonding in the new phase,

The significance is qualitative only,
[ee] . (Y

The attempt to define electronegativi

produced in the past twenly years a large volum

subject, much of it due to the inherent vaguens

Ty quantitetively has

e of literature on the

ss of the concept. The

originel definition by L. Pauling (2): ‘the pover of an atom in a moleciule
g & b

to atiract electrons to itself" is obviously only a qualitative definition

since the terms in the definition itself are va

from emong a dozen or more proposed for calculs

negativity velues of individual atoms will be Et

proposed the equation

where "X is the electronegativity of the atom

gues  Only two equations

ting or estimating electrc.

entioned. L. Pauling ( 2 )

indicated by the subscript




13

) if A is expressed in e.v. and A =

- 1/2

and K is.a constant (23

Dyp -

energies. Pauling's equation ylelds only differences in electronegativities.,

(DAA)(DBB) 1/2 where "D stands for the respective  bond’

To compute individusl values, he arbitrarily assigned X = 2.1 to hydrogzen,
ReSe Mulliken (3) derived the equation X = ” (I + A) for calw

£

culating absolute electronsgativities, "I' and "AM are the ionization

potential and the electron affinity respectively., Both equations are based

ori the "valence bO'd” wave function description of a diatomic molecule.
Pauling's electronegativities are oporLiona but net equsl to those of
Mulliken, and the two sea ]es dlfler in their units. Pauling's nusbers are
in units of one-half power of energy (ecvq)'/' while Mulliken's values‘ara

in energy units (e.v.). Pauling's electronegativities pfOSQﬂibly represent

averages oveyr the range of wvalence states exhibited by the different elements’
£

Q

while Mulliken's values are calculsted 1 sith "I and "AY pertaining to the
vaelence state of the atom in 2 partlcular compound. It is clear that the
electronegativity of an element is not a constant quantity but will vary
with the nature of the valence state and this presents an added difficulty
vhen applied to mebals and alloys, since the classical valencies of the.
isolated atoms do not strictly 2pply in such cases ~ in particuler, the

S

ceordination mumber (muber of nearest nelighbours) bears no relation to

he valency attributable to an isclated atom. Nevertheless, the conecept

ok

of electronegstivity can be u usefully applied to metallic systems in a

qualitetive nmanner,
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The possibility of the occurrence of related phases at similar
values of valence electron concentration per atom (vee.c.) in different
alloy systems originated from a study of the B-phases (7) which were the
first interﬁediate phasesAto be called "electron compounds' (8). They are
not compounds in the chemical sense; they exist over a wide range of com-
position and they may exist only in a narrow range of temperature as for
exémple the disordered 8-phase of CuZn which exists only at high tempsrature,
Although the 3/2 vee.c. is common among the'disordered body centered cubic
phases, not all such phases exhibit this ratio; MnNi and Mn32n2 for
example are exceptions. Other intermediatelphases, e.g. the wafass type
(complex cubic) and the ¢ -brass type (closénpacked hexagonal), oceur in
various sysfems‘at %% and % Ve€oCo respectively. Thus, when other factors
do not predominate, stable intermediste phases will exist in a system at a
valence electron concentration of gg %%, ), respectively if such an electron
concentration cah be achieved in the system, As with the B-phase, it has
become clear that the other intermediste phases too are not as sharply de-
fined in composition as was once believed., In addition to the three struc-
ture types mentioned, many other structﬁre types have become known where
the composition range of stability seems to be defermined mainly by the
valence electron concentration per atom. (The "Laves! phases were
already mentionéd in this comnection.,) It is chafacterisﬁio of these types

of structure that their composition is domin

o

ted by transition elements,
Mention must be made of the importent advences mado by Mott and

Jones (9) who interpreted the electronic factor of Hume Rothery in terms of
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filling of Brillowin zones (with electrons) ow filling of these zones to

the largest inscribed sphere (the "Fermi sphere). This model VRS a CONe

sequence of the assumption that the pert turbing lattice potential interacted
weakly with the electrons, and this constitutes a ”neérlyufred’electron
approximation. In the "free-electron” (in 2 box) modsl the ens rgy of the
electron depends on the square of the wave number and the density of states
'depéhds on the square root of the energy of the electrons. In the Brillovin

zone model the relationship between the wave number vector (¥) and

I...."

elecstron ensrgy (E) is neerly the same but with regions of discontinu ty
iﬁ the energy (energy gaps) and only in the region of energy near thess
"energy gaps' does the sinmple relationship between E and K break down and
bacome drasﬁi Lly more complex, TIn the ”ffevaWGCLfOﬂ” medel it can
easily be shown that the density of states, defined as the number of

ies between E and
feee WENWEYZ, Tn the Bril.

electronic states per unit volume, N(E)JE, with ens el
. 1/2
E + dE, is dirsctly proportional to E

lovin zone model there is a sharp rise in the N(E) function with increassing
energy over that of the "free=slectron curve; &s the eunergy approaches

the forbidden energy rsnge, i.e. as the energy approaches the Brilleu'n

zone boundaries which are related to the real crystal structure and can be
derived from it. This nodel provided a means 6f releting the elschironic
donsity of Staﬁésb as a funetion of energy, with real erystal structures.
One can visualize that as electrons are added to a system (for ex.mDYOP

by adding Zn.atoms to copper) a favourable situation oxists as long as

the density of states as & function of energy.is largs, bul when the density
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of states diminishes with an increase in energy or is low as when the
Fermi surface is far removed from the Brillolin zone boundary the system
would conceivably change to another crystal structure type which had a
larger densit§'of states for the same energy range and thus could accomodate

the same number of electrons in a system with lower total energy. In

. ' 21 .
this way the ve.e.c. numbers g@ 13 ﬁg were related to the peaks in the
N(E) vs. E curves., Hence a given structure is stebilized if there are

sufficient delocalized electrons to bring the Fermi surface up to the
Brillouin zone boundary. Much work has been dons on Brillouin zones and
their implications for metals and alloys and there seems to be no doubt

] ~

that the basic ideas of the theory are correct though details of the theory

were not always approached consistently in the past. For example, in
conputing at what elergy a discontinuity in energy should occur in filling
the Brillouin zone, whether Jt should occur at the 1nscr1bed uphcre (energy
increases.rap;dly with X beyond this ponnt) or only when the zones is
-completely filled was a matter of personal choice, Finally it should be

1.

mentioned that more redently direct experimentzl evidence indicates that
the Fermi surfaces in metals and alloys are much more complex geometrically
~than originall -.ssumed9 and this makes the accurate caloulation of the
properties of alloys a formidable taske..

Just as with the étomic radius, the valence electron concentra.
tion used in predicting stebilities suffers from some arblguity. To a
Tirst approximation it is given by the usual accepted metallic valencies

which are the sum of s and p electrons but, it is not gquite certain whathey
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all the (s + p) electrons in the metal or alloy are delocalized., Friedel
(10) has suggested that some of the {s+p) electrons may 1lie in "Bound
stétes” near the solute nuclei which is anothor ﬁay of saying that the
solute atoms are incompletely ionized and that some of the conducting

electrons are perimanently :
P

ok}

ttracted to the mora positively charged nuclei,
On the other hand, in order to account for the large decrezses in the
atomic size of indiws, thallium and Lead vhen alloyed with noble metals

these metals ave incempletely

[l

Hume~Rothery and Rayner (11) suggested tha
itnized in the pure state but are completely ionized when dissolved in

copper, silver and gold. It now seecms unlikely that complete ionization

o

of a polyvalent solute would occur in solid sulﬁtionc There scems to b
1o a priori reason why incomplete ionization should oceur in indium, thallium
oy lead agd yet be absent in, say, germaniwi, tin, arssnic op avtinony
whose atomic sizes do not secem to show abnormal decrease ' on alloying. To
it into the scheme of the Hume~Rothery rules transition elenents were
assigned a véleﬁcy of zero, though occasicnally the total number of electrons
outside the "inert c&re”.ioeo (s+ p+aqd) have been used to denote the
electyn concentration (12). Raynor (13), on the basis of studies of

chromivnm and mangsnese in aluniniwn, concluded that these transition ele-
ments were nob contyibuting to the sea of delwcaiized'@l@ctrons but instead
were wfﬁhdrawing'eleﬁirons to fill their deshells, The whole ehemis

the transition elements emphesizes their tendency to aet with variable

valencies, nol merely in different alloys but in different composition
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rangés of one alloy system, as in the system nickel.zine, for exanple,
where nickel appears to act with zero valency in some parts of the system
and with highey valency in other composition rangés;

Despite the quantitative uncertainty of the valence electron
concentration, electronegativity and stomic size, the Hume~Rethery rules
proposed ovef thirty years ago have been found very useful in ratienalizing
phase stability from a structure point of view., These empirical rules
were_strikingly put to the test by Waber et al (14) who showed, considering
only the size factor that for 619 binary alloy systems where the difference
in aztomic size between components ié gfeater than 15 per cent, ninety per
cent of these systems éxhibited very limited solid solubilities, and for 804
systems where the size difference is less than 15 per cent, fifty per cent

of these systems exhibited extensive solid solution,
¥
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A beam of xerays (which ars electromagretic Waves) , falling

pericdically avranged atoms (scattering contres) will

interact with the electron shells of the atoms and will thereby be scattered.

Elastic scattering (scattering without energy loss and so without change in

A) is the important process here; effects such as polarization and absorp-

tion are not of major importance for elastic scattering, although the ine.

tensity formulze must be corrected for these effects. Each scattering

centre can thus be regarded as the origin of a scatiered wave (or wavelet)

which can be represented by a vector. The scattered waves will interfere

(or combine) with each other. A discussion of diffraction therefors re-

quires z technigue for studying the cowbination of wave motions
A plane vave (41) travelling in an arbitrary directio

written as ql =Aeipe i (k¢ p-@t) . For the analysis of

[

IS}

effects, only the mutusl phase shifts of the waves produced by scattering

and interference and not the time course of the waves are of BAGY;

the time factor (Wt) is omitted.

Consider two srbitrary scattering centres which are part of a

regular assemblage of n centres on & lattice. The origin (r =

ko
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is placed at one of the écattering centres. For the sake of simplicity,
initially the scattering power f (atomic scat tering factor) is assumed
to be the same for both centres, The initial wave.is specified by the
vector K, (ha¢4ng amplitude A = 1), the scattered wave is specified by
the Vector k, and the position of the scattering centres by the vector r.

The resultant wave F(k - ko) is given by
)

ik ~k,) «xr
(k- x) =1 K~k - x
where (k -~ gc) ° r is the path difference of the scattered waves st » and
r = 0 in the direction k. Since only elastic scattering is considered

: 211 . -
k| = k| = Y where A is the wave length of the incident and scattered

radiation. Let the translation periods of the regular lattice be a;bse,
in the directions &, b, ¢ respectively, where 3, b, ¢ are base vectors of

the rectangular coordinate system, L can be expressed in rectangular

on

coordinates as y = a X + b Y + cZ, Then

(”}guk)cr: X(k Gf’:"lﬁooi)-}'Y(-k“}Q.“:}.{.ob) J,.Z(}S bg."'.ll{_og.)

~0 == =1

217 . :
= X \ (cos p 5 v cos Ué) + Y(cos v b " cos J ) MX

o 21T =
4+ Z% (cos ~ cos U
(cos v s U.)
where cos I g COSV pr COS ¥ are the direction cosines of k and cos Ua’

o

cos Ubs cos Ue

@
=

e the direction cosines of k.« In the regular arra ay of
scattering points only in certain directions will the resultant wave not
have zero amplitude,

Tt can be shown (Buerger, 15) that for a 1abtice with translation

vericds a,b,c onay in. dlreCLJOﬁs for which the conditions
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= hA
(cos v, = cos Ua) ==
= kA
(cos y p = cos Ub) =
g AA
(cos y o - cos Uc) = =

are satisfied simultaneously will the resultent amplitude not be zero,
where h, k, 1 are all integers and the resvltant amplitude for such

directions is given by

som(ER 4 3K 21y
F(X,Y,2) = fexp " a b c’,
or using fracticnal coordinates (x,¥,2) which have as ity the corresponding

. . sy . X Y Z )
lattice translation period, i.e. x = 2 Y =g 5= E‘the last equation

becomes B
Fowf ox izii(xh + yk + z1)

This equation can be gensralized to apply to scattering centrss where each

centre has a different scatlering ower 1.
£ P j
n - 1 . ] .
. s izn(hx, + ky. + 1lg3)
RYCIN F = Ej lj exp ( 3 k}J J
J

- The equation is usuwally given in the form

1

Pl = 2;165 cos Zﬁ(hxﬁ + ky;3+;lzj) .

‘+;' .. sin 2 Xe + kv, & 1z,

i 2313 in ﬂ(h&J - kyJ 1/J)
J

Letting cos 2n(hx + ky + 12) = A

and sin 2m(bx + ky + 1z) = B

Fe() £.8) +4(3 £8.)
I *%:13,1
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If the space group contains a centrs of symmetry and if the origin of
coerdinates to which the positions of the atoms are referred is taken at

the symmelry centre then it can bs showm that ( ;E fB.) =0 and

JJ
J .
E:f: Aj° This will be the case For the large mejority of crystals,
j 9 .

In 211 but the unsymmetrical space group "PL" an atom in a gen.
eral position is accompanied by other atoms having symmetrically related
coordinates. On the summation ( }j:fjAj) there are groups which not only

“have cormon values of fj (because symmetrically relaﬁed atoms are identical)

but also have related coordinates which permits consolidation of the
surmation by the rules of trigonometry or exponential combination. The
consolidation is performed in terms of the symmetry factor S, If the space
S y pe
group relates a sét of "m'! points in the pencral os ition, the symmetrs
- gen P ° Y
factor "S" is defined as the wave seattered by'a set of unil seattervers
iom hx s+ kys + 1z
located on these "m" points. "S" hus the forn E: & (i RAN J)
J=1 _ .
where the coordinates xj, Ty 23 are now related by symnetry, depending

on the particular space groupe All the symmetry factors for Lhe various

space groups have been derived and compiled ( 53), (Fhkl) the structure

p
factor can then be writien as FHl = f.S. vhere the summation is now
i =1 J J
only performed over the 'p' different s sets of equivalent atons, which is a

The intensity of a wave is proportional. *o the square of -the ampli-

‘LUd@ foes Ly (T Wil ) e I is the intensity and "F" is the anplitude

enerally called the "struecture Tactor'. Various correction facltors have
g
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to be applied to the proportionality before it can be written as an
equality; such as the "geometric" factor, the polarization factor and the
multiplicity factor.

In the powder diffraction method small crystals are in randon
orientation and there will always be a plane in the proper oriention
'for Bragg reflection as the sample rotates, but only a fraction of the
volume will be in a reflecting position. The energy of the reflected
radiation will be constant with "é" (disregafdigg multiplicity), but the
energy of the Debye ring will vary with 6 since the Debye rings get pro-
gressively larger ﬁith increasing 6 (to @50)@ This "geometric" factor
correcting the intensity for this effect is l/sinze cos 6, In the usual
X=ray diffraction experimnents the x~ray beam is unpolarized, but becomes
. polarized after reflection at the angle "20" which has the effect of
reducing the intensity of the scattered (reflected) beam by a factor

1 4+ cos? 20 - . . . .
TS These two factors are usually combined into one with the

1+ cos” 26

.2
sin © cos 6
The relative effect of temperature and absorption on the intensi

and is often neglected.
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An important factor that must be considercd is the multiplicity
factor (p)c In the Debyew~Scherrer povder method a diffraction liﬁa of
indices hkl is produced by reflection on all the crystal planes having the
same spacing, or by all the planes hkl}u The number of lattice planes
which are‘equivalant for reasons of symunetry is called the multiplicity
faetor (p) and it depends on the syﬁmetry of the crystal and on the indices
hkl. Since the reflections 6f different sets afe independent of one ancther
and will contribute equally to the "diffraction ring' it is obvious that
with severzl different sets of planes diffracting to the sams: ayea on the
film - the inteunsity on that ares will be greater than it would be if only
one sob of.planes cohtribﬁ;ted9 and a correction has to be applisd which
is Hp”e |

With the correction factors applied to Fikl the intensity of g

Jiffraction line in the vowder method is given by
T ¢ Fikl 1 + cos? 28
hikk & 7%

1= P
5in @ cos @
Various other factors which only have a small influence have been neglected,
"K' is a constant for a given constant set of experimental conditions., It
can be determined by a standardization procedure or, if only relative ine
tensilies sre of interest, it can be assigned an arbitrary value.
The final egquation srrived at here, relating the intensity and

‘the structure Factor will be used later in caeleulating some intensities.




CONSIDERATION OF METHODS AND TECHNIQUES

Differential Thermal Anslvsis

The basic principles of differentizl thermal ana 7sis (D.T.A.) ave
1911 knowm, A profusifmn: of literature on this subjeet exists, and a

number of excellent books on the theory and the application of D.T.A. are
available, only two of which will be mentioned(73, 74 ). Therefore, I shall
only state very briefly the gcncyaf principle upon which D.T.A, opara ’ces9

e

end shall give more detziled considerat ion te some particular aspects of
DeTehs which are pertinent to the present investigaticn.
Differential thermal analysis is a technique by which thermal

2 e Y Lo 3

effects are measured, usually as the sample is heated or cooled.

Any material has a free energy, G = H « TS where the symbols
have the usual meaning - "H" is the heat content or enthalpy, "T" the

temperature, and "S" the entropy. The system will tend to resch whichever
~of the possible states has the least free energy. If for exaﬁple the
meterial is crystalline and it is taken to 2 témperatﬁre'at which anothef
structure has a lower free energy it will tend to change to the more stable
structure with an aceompanying change in Ho The change to a Towar "GY might
be via a chemical reaction, nelting, or boiling etec. "H" is in genersl a
function of temperatwre and doss not remain constant with temperature, but

the transition to a mare stable phase the change in "H' is discontinuous

Vhen the difference in temperature between the semple and an

inert reference bedy is measured zs a Function of tempevature as the sample
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—-and the reference body (which ave in close préximity) are heated (or

cooled) the temperature difference is nearly zero (if the reference body is
suitablyehésrj;za),\'9 until T, (or Tb) is reached., At this time the tempera.-
ture of the reference body continues to rise or fail butvthe temperature of
- the sample remains nearlyvconstant_ since the change in  H occurs at
constant temperatures, and the observed difference in témperatuve will not
be zero., After the transformation is complete the difference in tempera~
ture'will egain become nearly zero, as shown in Fig. 3 which‘is a typical
&ifferenﬁial thermallanalysis graphe

A nmumber of commercially availsble iﬁstruments are satisfactory

for meny epplications, They are quite sensitive to small heat changes and

require only small samples ( mgn - o yange) and this is achieved by bringing

into direct contzct the sznple and the Sensing device, ususlly a thermo.
couple. In the analysis of metals and alloys direct contact betwson sample
and thermocouple junction must be avoided beezuse of wmutual contamingtion at

elevated temperatures. Thermocouple shields of "alundum" op other refractory

materisl into which the electrically insulated thermocouple wires are ine
‘ ly in I ,

s
s
@

serted must be used, and this results in some loss of sensitivity. Tk
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to have sufficient sensitivity
systems such as occur in sclidwsolid transformations.,
Depending on the thickness of +

thermal conductiviiy the +ins lag of response and the totsl mass of  the
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sensing(ﬁevice will be increased relative to an unshielded thermocouple.
Consequently, larger samples wmust be used to obtain welledefined "psaks',
Certain problems are inherent in the use of larger samples, the main
problem being the finite time an advancing temperature frbnt requires to
permeate the sample, Conseguently, the sample geometry becomes an ime

portant factor, The proper shape for a sample is one that permits a uni

form flow of heat from and to the sdmple implying that the sample be

highly symmetrical in the direction of the temperature gradient. A

cylindricél semple (using a cylindrical furnzes) with the thermocouple

placed at the center of the cylinder satisfies these requirements, When

& thermocouple shield is inserted in the cylindrical sample, the samplé beéomes
a tube. Tt is desirable that the wall thickness of the semple (tubzs) and the
shielding tube be small, thovugh in the latter case one is technically limited

erial is pure alundum,

.

to approximately 1.5 mm, wall thickness if the ma

e

It is evident that it is necessary to strike a compromise between sample
size and sample thickness for a given dimensicn of shielding tube if the
sample is not to extend greatly in length. If the semple wall is relatively
thin 2 reaction front will require less time to traverse the sample aﬁd the.
resolution of closely spaced peaks is increased. Ir fhe heating or cooling
rate is very slow and the sample and the reference thermocouple are

situated in close proxinity in the same metallic block, the heat exchange

between the ssmple and the reference thermocouple may be too rzpid, relative

to the time required for the reaction front to traverse the sample, and the
1 3
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3

full heat effect is not utilized; then an insulating sleeve placed arcund
. the sample can increass the gensitivity of the thermocouple to small heat
changes. These were some of the factors which had to be considered in
achieving the objective., Since the conmercially available gases containad
some oxygén_a vecuum and purification system was constructed which made it
possible to parform an2lysis either in vacuo or under inert atmosphere.
The apparatus was designed primarily to be operated at a fixed

heating and cocling rate, though some non-mechanicsl flexibility was

conveniently achieved with the varisble transformer supplying the "Power
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Electron-Probe Microanalysis

This instrument consists basically of an electron optics system
for focussing a beam of electrons to a diameter of 0.1 to 3 on the
Specimeny and an X-ra y optics system to analyze the &mitted XeTBYS 8CCOTQe
ing to wavelcnbth and intensity. In addition, an optical microscops system
for viewing the specimen and selecting the exact arvea to be analyzed is
incorporated in the instrument. In guantitative analysis the measured
X-yay intensity (IA) of & particular constituent of the specimen is re-
lated to composition., The L-series spectra are suitable for all atomic
nmunbers fifty and larger and the K-series spectra are suitable for atomic
numbers between fifty and eleven., In éleetronwprsbe analysis, as in x-ray
flucrescence, the x-ray intensity from an element is not 1in nearly related
to composition (for a constant energ& of the electron bsam). Some of the

factors responsible for non-linearity sre enumerated mecw and will be
briefly discussed in a nonemathematicsl fashion:
1) Matrix abscrption of oharacieristié X~=1ays
2) Matrix enhancement of cheracteristic AP YS
3) Take-off angle (yb) of x-rays
)  Atomic nusber and angle of incidence of electron bean
5) Surface condition of specimeﬁo

1) Xeradiation that ﬁasses through metter is always partly
absorbed. Quantitatively the amount of absorption is given byfL . the
mass absorption coefficient, which depends on the wavelength and the type

element. Vhon elestrons strike the sample chovacteristic xere ay spectra
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1

of the elements present in the sample are produced in a layer /\ X em thick

snd X cm below the surface as shown

Electron Beann___\\\\' s X-Rays

v W )
Sample '
Surface

PO ///j/\X v

provided that the energy of the electrons is not below some eritical value.
X' is usnally 1[4 to 3 deep. It is clear that some xereys will be abe
sorbed as they emerge from the région in which they are produced and pass
through the overlying matter., If an element whose abundancs in 2 mateix is
to be determined is in a matrix of high absorption the characteristic rae-
diation of that element will be reduced more than if the element was in a
natrix of 10% sbsorption, for the same angle ”#/” and the same eledtron beam
energye. Cleayly some correction, depending on the matrix element (Z) and
the take~off angle"ﬁﬂ'has to be applied. If ”WA” 5 the weight fraction

L) ES

of element "A" in a matrix of elements B,C,cescecs 6Ff Waicht frections W
3 O B

! .
Wboaca respectively, then;LA the total mass absorption coefficient for'
wavelength ﬁAg which is the characteristic xwradiation of element "A", is

given by: : /J «uVV fé + W fLBA .+ VVC FLCA 4+ ese  €Q. (1)

J.

where [‘Afﬁ / BA s L ch -etes are the mass absorption coefficients of the



elements "A, B, C" for the characte
In general if ”IA” is the total intensity of characteri
it has been found thot the
depends on [L' andﬁp as [L! csc \/
electron beam energlies have been constructed and ar
fellows that the intensity ratio for &

given element is given by

of matrix. If the pure
. X
equation reduces to w e
experimentally, the ratio FX/ F
by iteration and U
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iterating the complete
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ristic radiation of element "AM (AA)O

stic radiation of A",
is a constant which
cselp vse F for various

e given by'Birks (68),

any two different conpositions of a
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element in the same type

andard then the above
To obtain "F'' with the use of
etec. and proceeding by rew
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Usually three or four rei

adiation of one of the components of
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Vv ) o k is an empirical constant equal to

- 0.6, the VO'S are the respective voltage minime for characteristic x.ray

excitation (avzilable from tabl es), "V" is the opsrating

the excitation e

cn the VV’S vhich are sought, an approximatel< P is first

volt

age

and EAB’

calculated based

on reasonable choices of VV's,uqd by relﬁef@Tloq of the complete caleula-

tion cycle . a final constant valuc of'VV‘ and F<F‘“S obtained,

present 1nvestigat10n no enhancement corrections were ne

3) The path length

matter is obviously'dependent on the teke-off angle ”q/” as can

from the simple cicrram o page 31

variation in intensity due to a variation in ”¢/‘ hasg been

Cessary.

be
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incorporated

In the

the emitted x.rays throvgh the overlying

seen

Since "F' is deperdent on”gﬁy the

the tabular values of " and no additionsl correction is then NeCESSaATY,

L)  The "stopping power' an element has for electrons is a factor

in determining the distance of penetratio

specimen and thus partly detern

through the sample matier. The "stopping power" among other things depends

nines the path length of the emitt

on Z/A where MZ" is the atomic number and A" is the ateomic welg

ratio lies betwesn 0.4 and 0, 5 throughout wost of the periodic table,

1

ht

1 (X) of electrons Jnto the

ted xerays

° Tl’lls

efficiency, again obtainzble from tables, Slnce P( depends

N

is a Tunction of Z/A and the variation in “FV with atomic nuber is small,

-are far spart in atomic nwiber. Birks (683 Page 244) has

factors for atemic numbor (PZ) by which the wiction fL !

N

two elemsnts which

into
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if such a correction is necessary., In the case of silver and indium the

J4

correction factor PZ is guite small (0.955) since the 1 two elements are only
one atomic numbsr apaxt,

The x-ray intensity is also a function of the anéle of incidence
of the electron beam and its energy. Since only relative intensities are
determined i.e. IA/IIOO% and these factors are the same for both intensity
measurements they are then instrumental constants which are known. When "F"
is determined from tzbles one simply chooses the appropriate table for these
constants.,

5) The flatness of the specimen surface is important in OlebPOD
‘probe analysis mere s6 than in x-ray fluorescence analysis. Since the
ymvﬂyé come from the surfece layer, surfaces that contain fldgps and valleys
cause variations in electron incidence and take-of T angle giving risec to
variations in observed xeray intensity. The surface should be as flgt as
pos:able2 Excessive polishing should be avolded since it tehds to smear the
surface layers giving erronscus composition analvsis, qu the same reason
repeated etching should be avoided because components ére removed sélectively
or in fact a new component mey be deposited on the surface,

The.determvnatloa of compos? ition can now best be shown by’an
actuzl step by step sample caleulation:

(A1 page references in the sample calculation refer to Birk's

“Electron Pﬂub“ Microanalysis" ( 58 )
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Samnlv Calculation

Hass abscrption coefficients:

Silver ih Silver M= 475 (page élB)
; Sllv r in indiun Mt o= 560 (page 215)
Multiplier P, for Silver (Z = 47) is 0.955 (for 30K V)

4/“ 1) (1n>tlumentei constant)

Experimental:
o) + 3 J A 3 AU pure 3 er t 'L'.['DF'
a) Intensity of silver (pure silver) IlOOpAg 635 cps
b) Intensity of silver in a silver-indium semple Ii = 1505 cps
¢) Background intensity = 23 c¢ps in both cases
d) corrected intensities ]OO = U635 « 23 = 4612 cps,

IX = 1505 - 23 = 1482 cps,

1482

e) Roughly estimated composition E7i§ = 0,32 or 325 Ag

Caloulation leading to '"F" values., For pure silver,

1) P p ese 15° = 0,955 x 475 x 3.86 = 1750 (from page 194 Table)
For 32% silvere

1

YE, 1t esc 157 = (0.955) [0032 x W75 0,68 x 560] (3.86) = 1960

F, = 41.9 (Page 194)

/////

Intensity in sample (I ) (0 Fo. 32z

- o S -
Intensity in pure Silver (Il OO) 1 OO

1482 1.9 A :

ieis = (ZY : ) VJ\, &JX = 0,347 silver.
The welight fraction for silver (0.347) is then used in step 2) to obbain a
new valve for Fy and 2 new compositiorzvvx is caleulated. This process is

repeated umtij‘vvx:does not changs.
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- X-Ray Diffraction Micr ~oanalysis

This technique consists of removing small particles of alloy from

a microsection under a stereoscoplc microscope with a hard and very shar
P P P

needle-point tool and ana 1lyzing the material by x-ra 1y powder diffraction in
the usual way.

With experience in manipulating the tool under the rmicroscope
individual phases in a heterogeneous alloy can be easily removed and analyzed,
'provided of course that the phase to be removed is not in the form of very

T

mall particles, Material from various areas of the same phase is scooped
out or dislodged repeatedly and carefully transferred to a glass slide with
the needle-point tool until sufficient material is collected for XAy
analysiso_ A small amount of nail polish serves as a binder to work all the
sample material into s tiny ball under the microscope. During this operation
the pldsti01ty of the binder is controlled with a paper tissue corner dipped
into acetone and brought into close proximity to the sample. The free end of
a thin glass fibre which is mounted in the camera sample holder is dippsd
inte nail polish and brought into contact under the microscope with the
hardened sample ball. When the smell s semple is firmly atteched to the tip
of the glass fibre it is aligned in the pouder diffraction camera in the
vsual way. It is essential that a stereo oscopic microscope be used for the
whole procedure @nd not an ordinary miercoscope which roverses the image,
otherwise manipulation under the microscope becomss hépelessly difficult

\ L

and uncoordinated.
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This method of obtaining sample material for analysis by xX~ray

diffraction has two obvious advantages over the usual method of filing or
grinding a bulk semple. Firstly, individual phasés in a heterogeneous
sample can be snalyzed under favéurable conditions, and secondly the

sample is less deformed than when powder or when filings are produced.

If the phase is brittlstiny blocks of éingle phase or single grains can be
dislodged wiﬂh 1ittle deformation of these grains, This method might be
used to édvanﬁage in obtaining small single crystals from a malti-grained
single phase when it would be otherwise difficult to obtain single erystals

of this material,



Photomicropraphy
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This is a very important technique in the study of alloys and

metals, which involves the observation, under the microsco g, -of the gross
9 ? 9

structural details of the metal or alloy. The most important part of

metallography is the preparation of the specimens In general, the prow-

cedure of specimen preparation consists of six stages:

1. Sectioning

2. Coarse grinding
3. Mounting

4o Fine grinding

5 Rough polishing

6. Final polishing.,

The first two stages need hardly any comment except to say

precautions must be taken to prevent shattering and "plucking" of the

men and to minimize heating of the specimen so as not to cbviate the efforts
n s . . ~ . 3 "o lvt s N
of ammealing. The specimen is usuzlly mounted in 1 to 13! circular blocks

of plastic material in a hot press to facilitate hendli

fine grinding and polishing.

th

=3

t

speci-

ng during subsequent

The purpose of fine grinding is to remove and linmit, by proper

selection and sequencing of abrasives, the zone of deformation caused by

"sectioning and 'coarse grinding” of the specimen,

o

this layer of gross deformation is being removed

formation will be Fforms

o
£

caused by the action o

prier to mounting.

new layer of lesse:

the "fine grinding!

As

3

G

e

o
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abrasive grains. This deformation will not be as severe and therefore not

as deep as the first and will subsequently be diminished by‘applioation of a
finer abrasive. '"Fine grinding" continues using progressively finer abrasives
until the deformatiom is shallow enough to be effectively removed by "roughe
polishing".

The abrasive materizls and sizés most often used for "fine
grinding" are silicon carbide and diamond paste of 100 to 25 microns and
15 to 1 microns respectively. The final polishing stage should vemove the
last traces of the deformed layer and revesl the true microstructure of the
specimen.

A vide range of esbrasives is aveilable for "final polishing".
Gamma aluminom oxide, magnesium oxide and chrominum oxide are probably the
s particulérly suitable

i
. . . . P .
for aluminium based 21lovs. Diamond pastes of 3 to 0.05 microns are also
Y b 1 :

nost comsonly u"ﬁd materials, Magnesium oxide
available and are used in special cases., The choice of abrasive and the
type of cloth used for fine grinding end rough pol 1sn1ng are im Mpoi tant, but
will depend on the properties of the alloy being prepared. No rules for
this can be given, and success is a matter of experience.

Following the final.polishing stage etching ﬁay be applied
followed by repolishing to reveal the microstructure more clea%lyo Although

.

compilations of various etching reagents suitable for particular alloys

exist ( 34), the ch01cQ of the proper etching reagent is 2 matiter of some

trial and error and ex erience,
' P
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PREVIOUS RELEVANT INVESTIGATIONS

The Pure Metals

Silver crystallizes with a faqe«centredﬁ'cubic lattice with cell
edge 400862 (16). The interatomic distance in the lattice is 2.8888 (16).
The melting point of pure silver is 960.8°C (16). Silver is not attacked
by oxygen, but liquid silver dissolves oxygen, about twenty times the
volume of the metal at the melting point (17). A1l oxygen is rejected on
solidificationo The atomie radius:of silver is 1eauuﬁe The electro-
negativity of silver is 1.8 (2).

Indium crystallizes wihh a face~centyred tetragonal lattice with
cell edges a = 4059H§¢ ¢ o= 409512 (16)., The interstomic distgnce is 302520
The crystal structure is also described as ”cubic close oacked with soie
distortion” (62). The melting point of indiuwm is 156.2 (16). Cold air
hqs no action on indivm but, when hot, indiuvm is oxidized by air to In 036
Nitrogen and hydrogen do not react with indiunm up to 900°C (18). No allo-
tropic forms of indium are known. The atomic radius of indium is ICGZSZO
The electronegativity of indium is.108 (2).

Aluminium crystallizes with a faéewcentred 'cubic lattice with
cell edge 400&912 (16). The melting point of aluminiwn is 660,2°C (16).

It is well known that 2luminium reacts with oxygen to form Al?Oo even
. . ) D

absorbs hydrogen at high temperatures (e.g. 1.87 cc, at 90000/100 gri. Al

(19)). Vhen heated it reacts with nitrogen to form Al N. Above 1000°C

£l
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it reacts with carbon to form AlL,(C3 (19). The atomic radius of aluminium

o . e .
is 1.433A. The electropegativity of alumininm is 1.5 (2),
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he limits of miseibility in the
end 98 wt. per cent indium rESpete

ental points no further investigation

but two phasse.

reactions, a monotectic and a eutectic, were reported by these authors at

, o .
6347°C and 1557C raspactively.

fovnd the muiual selubility to be 17.3 and "90 or wors" per cent indi

ANe Campbell et 2l (20) reinvestis gated the system employing quenching

and chemical enalysis, The results differed somewhat from those of the
previcus investigations. In particuler, they found the irdiumerich 1iguidus

oo IR, Fp N
e at a SOM@%HGL

and the isothermal reactions to temperature. At
o, ,’
638.6 C they found the mutual solubility to be 20,5 and 97.2 per cent indium

respectively.
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ate as a function of tempera..

mnutval solubility completely in the molten st
o s - o)

ture. The critical temperature and composition were reported as 9L45 C

and 68,.8% indiun respectively. The binary system Aluminiwi-Indium which

1s shown in Fig. L, may thus be considered to be completed,

.
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Fige 4. The System A1-In (from Hansen (79),

supplemented by data of Campbell and

Yagenann,( 72).
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The Binary System Aluminium-Silver

Extensive work by wmany investigators has been done to estaulisn
the currently accepted phase diagram of-this systeﬁ shown in Fige. 6. The
four smallér phase QlaJP ams shovn in Fig, 5, which were put forward by
various people at various times confey graphically something of the evolu-

-tionary process that studies on fhe system have undergone,

CoRoAe Wrzrht (69) showed that the two metals are completely
miscible in the liquid state.

He Gautier (22) was the firs t to investigate bhe liquidus. He
found a maximum in the 1i iguidus at 11,11 fsr cent aluminium corresponding
to Anglo

The complete phase.diagram wes Tirst established by G.L. Petrenko
(L6) by thermal anslysis and-photomicrographyb He believed that distinct
compounds Ag Al (11,115 A1) and Ag4hl (7.69% A1) existed but he did not

maxivivm in the liquidus curve as was found by He Gautier (22).

obtain a
A.Westgren and A.J. Bradley (63), employing x-ray diffraction,
found a homocenous phase corresponding in composi 1 to Ag AL(8Y) which

3

! hed a g-manganese type

[oN

existed over a very narrow composition range sn

=

structure with twnety atoms per unit cell. Tn addition they found a second

-

intermediate phase (y) with a hexago close~packed crystal SL%a tdl and

2 homogenelity range of 8.5 - 14.5 por cent aluminium at no specified
temperature. They also investigated the o- ~solid-solubility 1imit giving
it as 19 stomic per cent, again without specifying the corresponding temp-

erature. The above authors rcjected the existenco of the compounds Ag. Al
J 1z “7
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and Aa3A12 which were reported by W, Broniewsky (23) on the Easis 6f re-
sistance and temperature-coefficient of resistance rdeasurements° The ﬁB‘”
and "y'" phases were later designated by W, Rume-Rothery et al (33)'as

‘"};f and " ¢ reSpéctively; |

‘ Although nearly al] investigators seemed to agree that a high.

temperature S-phase existed, there was disagreement regarding the transfor.
mation of the Buphase. According to G I Petrenko (46) and A, Xbocvren and
A Je Bfaoley (63), B transforms into Bt at approxima’tely'élOoC° The findings
of W, Hofﬁu&nﬂ.and K.Eo Volk (32) indicated that the high-temperature B-phase
had a cubic bcdy@en@red ““““ ystal lattice above 605°C, transforming into an
hexaponel ¢lose-paclked uh .s¢ at some temperature between 6050C and 570°C

(and not into B8'). N. Ageew and D, Shoyket (42,43 L) found the B-phase to
break up into & mixture of two phases (o -+ w)‘at 6100(39 wvhile at slightly below
1400°C the two phases supposedly recowdine to form é single phase (BY).

F.E. Tishchenlo (56,57) found that the B-phase (which he calls quAl) transform
into B! at 606°C. He also reported the comp)und AgBAWZ having a melting
p01nb of 759 C and becoming sLable only above /11 C. Below this temperature
,it supposedly_decompcsosvinto solid solution of aluminium in Agohls  Aew
ccording to M. Hansen (26) the conclusions of Tishchenko are erroneéus with
 reggrc to the ébmpcuﬁd AgBRlZC
The partial phase~d diagrams of E. Crepaz (3)938) No Ageew and D,
'»qboyiﬂt (1?9&32hh) Se Ishida,-He'Tajiri and M. Karesawa (36) and I.
Obiﬁata and M, Hégiya (&5) given in Fig. 5 reflect the diverse result

4

that time, T.P. Hoar and R.K,

] K]

Investigations on this binary system at

Rowntres clarificd come of the contr sy (31).
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Two peritectic reactions occur in this system which had

o e

- variously been determined by different workers: for q - & B oas

770°C (63); 779°C (31)5 770°C (46); 779.8%C (33)5 771°C (57,58); for
B ET L4y (at 10,0 - 10.8% 81), 718 - 723°C (63); 720% (31); 722°C
(5?,58);v?180C (L) 7£6°90C (33). According to E, Crepaz (38) a2 third
peritectic reaction takes place at 698°C due to decomposition of Ag3A12°
- Similarly the eutectic temperature and composition were variously determined
as 567°C (46); 558°C (27); 568°C (38); 566°C (49); at 309 AL (27,16);
38,05 AL (28); 35% AL (35); and 25.5% AL (38). |

bThe silver 0~solid solution boundary was first determined by G.I.
Petrénko (48) and redetermined by A. Westgren and AQJQkBradley (63), W,
Broniewsky (23) B. Beckmann (25), M. Hansen and G. Sachs (27) and W, Hume-
Rothery, G.il. Mabbolt and K.M.Co Evans (6), with results which agreed
fairly well. By means of densiﬂy and lattice pgrametér measursments Ao
Westgren and A.J. Bradley (63), C.S. Barrett (80),E. Jeﬁte and F, Foote
- (37) and S. Xukubo (40) claimed that the G-solid sclution is of the sube
stitutional type but R.T. Phelps and W.P, Davey (47) disagreed with this
conclusioiie . | | |

The aluwminivm o-solid solution (a A1) boundary was detersmined by
M. Hansen (27,28). Apparently no such lehase was found previously by GDIQ
Petrenko (46) but W. Bronicwsky (23) did find such a tewminel phase, W,

Kroll (39) and M. Tazaki (55) later confirmed M., Hansen's (27$282 work.
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GeVo Raynor and D.W. Wakeman (49) later redetermined the solide
phase boundaries, In contrast‘to‘reports of previocus workers they found that
the o-boundary was not smooth, but exhibited 2 marked change in direction
in the region of 49.4 per cent Ag (by weight) at a‘temperature of 526°C,

The maximim solid solubilitj'was reported as 55,6 par cent Ag (by weight)
at the entectic tenperature of 566 Cao

¥ . Hume-Rothery, G.V. Rajnor,’wao Reymolds and H,K, Paéker (33)
confirmed the existence of a highwtemperature f-~vhase, established the boure
daries and redétermined the crystal structure, viz. cubic bodymcen1tred;
and found the trensformation temperature B ...b v (C ) to be 603°¢C, They
confirmed the styucture of the yiphase (g) as hexagonal close-packad,
They 2lso confirmed the structure of the B'.phase gu.) to be of the 8.

.

Mnanhganess type, and established that it existed at 7.7 per cent aluminium

(by weight or 25 atomic % A1) within a navrow range of composition. The

binary phese diapram of the system ﬁium)n¢am»3i1ver given in [

O

embodies the work and vesults of fany people. The aluminiumerich side is

meinly due to M. Hansen (27,28) while the silver-rich side, in its Tiner

details, is due to W. Hume-Rolherv and associates (33),
; ? 3

A voluminéus body of literature 2lso exists on

non-—equilibriws aspects of this systomg such as precipita ation, kinetics,

supersaturation and el estable phases, but will not be reviewed here since

they do not represent equilibrium states,




The Binary Svystem Silver-Indium

VoMo Goldschmidt (24) found an hexagonal close-packed phase (AgBIn)
(6 or y') having lattice constants a = 25950 kX. ¢ = 4;,769AkXe |
LoLo Frevel and E, Ott (21) found three intermediate phases at
room temperature (in addition to the two terminal solid solutions) two of
which they reported to be hexagonal and the third to be facewcentred cubic,
"very rich in irdium". The latter ﬁhase is presunsbly the indium-rich
sce-centred tetragenal phase '@, Only one hexagonal phase is known to
exist in fhis systene
The first to investigate the system completely anﬂ systematically
by means of ¥ ray poxder QlfJT&CtLO‘g photomicrography and thermal analysis
were Von Fo Weibke and H. Eggers (61). They established the liquidus, ths
varioué reacﬁion isotherms and some approximate phase boundaries, Their
phase~diagram is shown in Fige 1o Briefly, some of their results are:
The silvef»ricb terminal solid solution extends to 19.4 per cent indium (by
wte) at room te Jerabtre aund 19.8 per cent indium at 69 3 Ce & phase 'g"
exists within the composition range of 2608 - 33,1 per cent indium (by wt,)
at room tOmpOFFiUﬁP Neither AgBIn‘(EéoZ% Tn) nor Ag,Tn (34.7% In) fall
within the homogensous range of the ‘§.phase. On the indiuwaerich side a
phase () exists with a fou tenths of a percent range in composition at
either 70 or 75 per cent indium (by wi.),. They'apparently‘were unable to
establish what ﬁhe composition of that phase was more closely, becauss of

conflicting experimentsl data, They also point out that no difference in

xeray pouder diffraction patiterns could he observed for the "y" and g

el

hases. The latter symbol was simply introduced to sccount for certain
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observed thermal effects, They did not attempt to determine th crystal -

structures of the intermediate phases,

We Hume-Rothery et al, (6) investig“*ed the silver-rich region
of the systenm only, with the primary aim of establishing more precisely the
solubilit&.limit of indiwn in silver, as a function of temperature., The
‘ 1iquidus and O-solidus as determined by these aurhors agree well with those
debermlnuo by Von F. Weibke and H. Eggers (61), but they differ in the position
of the g-phase boundary by approximately one per cent., W, Hume-Rothery et
ale (6) 2lso carried out high-temperature x~ray diffraction investigations
establishing that the 8-phase, which is stable only in the temperature ra nge
of 660° to 693°C, is bodycentred cubic, Tn this respect thelr invests..
gation appears to have been confined to the (o « 8) region and mno latilce
parameters for the pephase were reported.

D.P. Horris and L. Williams (67) determined the lattice parameter
of the B;phase by'highwtemperature X~-ray diffraction as 3°§582ﬁ‘at 68@0C°

Von E. Hellner (29,30) Fig. 2, who investigated this system with gze
aim of determining the crystal structure and the extent of the regions of
homogeneity of the intermediate phases found that an alloy of(26o6 per cent
indium (by wt.), correspond ng to !\.gBIn9 was homogenebus at both 6OOOC and
150°C with no basic differencs in erystal structure occurring at these temp-
eratures. He assumed that a sine gle phase would also be observed at room
temperature at this compositicn. He found that the "single~phase' region
"6" reported by Ven F. Weiblke and H, Lggers (61) did not exist and was really

a heterogeneous regicn consi sting of (y' + ¢*) phases., He reported that
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the y'~phase had a composition range Ag 3In to Ag?In (AgBIn falling within

. the homogeneous region) and that 1t had a hexagonal close-packed structure
with a = 2,948 & and ¢ = Lc794 A, in good agreement with the values reported
by V.M. Goldschmidt (24), He found the- 6'«phﬂse had a composition cor-
_reupond*ng to AgzIn (34.7% In by wt. ) and that it had a y-brass type crystal
structure (complex cubic) with a = 9,885 A but apparently no composltlon range
was determinedo‘ The composition of the @- -phase he reports as AgInz, having

a face-cerntired tetragonal structure of the type CuAlZ, with lattice cone
stants a = 6,869 & and ¢ = 5,60L A° The 11m1ﬁo of composition range were not
determined. The Miller indices for the €' and ¢ phases of the x=ray dif
fraction lines arc given (29) but not for the yv' phase,

To explain’some heat ef fect observed at 204°C but with ro cor-
responding change being observeu in the x.ray diffraction patterns Von F, Weibke
and He Bggers (61 ) postulated an order-disorder transformation €1 2:3 €
" which Hellner (29) retained without having any experimental proof for doing
so. A similar situation exists with regard to the y! &z vy order-disorder
transformation postulated by Hellner (29) to explain heat effects’ erved
by Von F. Weibke and He Eggers (61) at 187°C. The modified pla‘emdiagram of
Von E. Hellney is shown in FFige 2. The o-phase bouﬁdary of this system was also
very cerefully determined by E.A. Owen and E.W. Roberts (51) over the entive
temperature range, and the results are in very good sgreement with those of
We Hume-Rothery et al, (6) and Weibke and Eggers (61) so that this part
of the system can be eon51d red to be well established, but, in the cémposition

range of 23 to 40 per cent indium, the data of the two previous investigations

P o)

(29,61) ave in conflict in a number of instances, which only further work can
b4 9

clarify,
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The Ternary Systenm

The region of imniseibility of the molten metals in the ternary

systen was determined as a function of temperature and composition by

Campbell and Wagemann (.72 ). The liquidus was slso completely determined

(7L). These are the only investigations carried out on the ternary sys.

tem,




EXPERTMENTAL TECHNIQUE

Purity of Metals

Silver:obtained from Matheson Coieman and Bell Co. Ltd., was
in needle form and stated to be 990999ﬁ pure, |

Indium: Ingot form, 99,99 per cent indium or bettero obtained
frem the Consqlidated tining and Smelting Company of Canada Ltd.

Aluninium:  Ingot form, 99.99% per cent aluminiom, (0.0019%
Fe, OoOOiSﬁ Si; 0,0018% Cu), obtained from The Department of Mines and
Technical Surveys, Mines Branch, Otiawa.

The ecsrtificates of anélysis vere supplied by the respective:

companies and the govermment agency.
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Preparation of Aligyg

Alloys of the desired composition were prepared by weighing
accurately the pure components in the required pr0porblonse Prior to
any heat treatment or olfferenblal thbrmal analysis all alloys were homow
genized in an electrical induction furnace under inert atwosphere in o
"eell" shown in Fig. 7. Silver-indium alloys were contained in a quartz
thimble (% ubs) within a boron nitride cylinder; quartz has no action on silver
or indium under the condition in question. In the wolten state the alloy
was stirred vigorously by induced currents - the stirring action could be
observed visually quite clearly when the supporting container (boron
nitfide cylinder) was not covered. After five to ten minutesfof.sLirring in
this fashion the’alloy was allowed to cool, after which it was subjected to
heat treatment or differential thermal analysis, In the iatter case the
boron nitride cylinder containing the alloy was inserted inside the copper
cylindér and transferred +to the differential thermal ﬂna1y<19 "cell" Fig.

10. Subsequent alloys of different composition which were to be analyzed
by'this nethod were prepared by successive additions of pure componants of
the exaﬁf amount to this 61i inal alloy which was then homo"eii ed as des.
cribed, after each addition, After eight different alloys were prepared by
successive additions ard analyzed thmfmally a totally new alloy was preparad.
Ternary alloys were treated in the sanme way, except that small alundum
crucibles were used f;ther than quartz, because aluminium is knoun to attack
guartz. The temperature of homogenization was approximately 1000°C, 4

faint metallic deposit was observed on the glass walls in the cold region of
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the~"cell” due to volatilization, but even after ten repeated homogenization
trials it was evident that the quantity of metal volatilized was very sméll
in relation to the weight of the sample which was in the order of ten grams,
Chemical analysis for silver was performed on two é@pérate éllo s which were
subjected to ten homogenization and differential thermal analysis cycles,
and the loss due to volatilization was confirmed to be negligibleo The

LN )

compositions guoted are based on weighed-in amounts of components, All
compositions are given in terms of weight per cent unless otherwise stated .
| Alloys to be used for X-ray diffraction analysis and photomicro-

graphy were homogenized as described bﬁt no thermocouple shield was frozen
into the alloy. After cooling, the alloy was cut into three oy four pileces
which were sealed individually into evacuated quartz ampules and then
subjected to the desired annealing treatment which is compiled in Table 1,
for the binayy glloys°

The preparation of microsections conslsted of grinding i
nealed specimen with successively finer abrasives of silicon carbide using
water as a lubricant, Diamond paste of 15/1, 8 and 1/A respectively was
~used successively in the finew-grinaing stage. The specimens were Tinally
polished very briefly with chromic oxide using a weak detergent solution, as
a lubricant. Considerable difficulty was encountered in trying to obtain
scralch«free suffaces of" heterogeneous alloys due to the large difference

in hardness of the micro-constituents of such alloys, which consisted of

X .

hard and brittle intermetallic phases embedded in 2 very soft matrix of nearly
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pure indium. Similar difficulties were encourtered in etching these alloys,
The soft matrix was readily attacked by all étching reagents tried, while

the intermetellic phases showed great chemical resistance to most such
reagents when immersed for ten to fifteen seconds. The most suitablé etching
reagent for heterogeneous alloys of indium-silver was an ammonium persulfate
solution (34, page 114) which had the peculiar quality of colouring the
¢mphase brown whenever it was resent, and thus could be used conveniently
to identify'this phase unanbiguously under the microscopss, Alloys which did

not contain the soft indium matrix were dip-etched in nitric acid,
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- ‘ Differential Thermel Anulv is

A "Hoskins" resistance-type furnace (1.8 Q ) was used to

heat the 2lloys. It consisted essantlully of 2 vertical tube of a refrac.
tory material, fifteen 1nches high, 12 inches internszl diameter, closed

al the bottom and packed inside with quartz wool to a hei ight of five

inches., The'whole cylindrical tube upon which the heating element was
wound was well insulated thermally (Fig. 8). Current was drawn from a
low-voltage varisble ("Surges") transformer., The output from this trans-
former ﬁas connected to a 25 amperes variable auto-transformer ("powerstﬂu”)
which was mechanically coupled via a gear-reduction sttem to an electric

motor. The "powerstat" was protected by end-switches, switching off the

driving motor when the maximum or minimum positions were reached. The

drive was reversible, allowing for controlled heating and cooling., The

o]

s On | . ‘o '
variation of temperature rate was from 0.8°C to 0.5°C per minute giving very

nearly a linear variation of temperature with time, A schematic diagram of
the simple heating circuit is shown in Fig. 9.

The differential thermal analysis "cell™ (DoToho cell, Fig, 10)
“consisted of a large quartz tube containingba copper cylinder and the sample.
The "cell" could be evacuated or filled with inert gas by means of an
avxiliary f£illing qnd evacuation system. Electrical connections with the

thermocouples in the "cell! were made via vacuum-tight glass-to-metal seals
1 g g

.

in the top of the "cell", The copper cylinder which served as an inert re

ference body contained a smaller boron nitride c¢ylinder which in turn contzined

the small quartz or alundum thimble with the sampke. Both c¢vlinders had tight~
q P
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.

fitting covers with sﬁall coaxial holes in the center throvgh which the
alundun thermocouple tube could be i‘néer‘tede The reference thermocouple
was situated in the wall of the copper cylinder parallel to the sample
thermocouple. The boron nitride cylinder served to isolate physically

the 2lloy from the copper cylinder preventing contamination through the
vapour phaséo In addition it isblated the alloy thermally, retarding some-.
whaﬁ the rapid heat exchange between the sample and the reference body,

The "DeTo Ao cell" fitted vertically into the tubular furnace. Fige.10 shows
the "D.T.A, cell",

The vacuum and purification system consisted of a mechanical vacuum
pump and a mercury diffusion pump arranged in the usual manner, a smail
"copper-copper oxide" furnace and cold trapéc Prior to analysis the "D.T.A.
cell" was evacuated, filled with helium gas, evacuated again and finally
filled with purified helium which had been allowed to pass slowly through
the "copper furnace" to remove traces of oxygen which were present in the
commercially available helium. The water vapour was removed'ffom the gas
in the cold traps at 1liquid nitrogen temperature,

The sample temperature and difference in temperature were measured
with chromel-alumel thermocouples and a '"Honeywell, Electfonic'lS” two-pen
multirange recorder (Fig. 11), A1l externzl cables in the temperature mossuring
circult were metallshielded ﬁo minimize interference from stray potentials,
The cold~junction of the thermom uple was maintained at 30.0°C =+ Oeloco The
calibration of the thermécoupléawas made in terms of millivolts on the

"recorder” at the temperature of Treezing of pure metals versus the accurately-
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28

knovm freezing points of the following metals: silver, aluminium, zinc
o b & ¢

cadmivm, tin and indium, (16) ; all of 99,99 per cent purity or better,
s s ‘ . o, ,

The principal errors in tempersture were estimated to be 4+ 1.07C due to

an wncertainty in measuring potential, and + 0.5 C due to an uncertainty in
reading the calibration graph giving a total estimated error in temperature

C oA L] Bl 4. J s 4 0

of + 1.5°C over the entire Lemperature range of room temperature to 7007C,
A schematic drawing of the "D,T.A," circuit and components is shown in

Figo]lo
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X:Ray_Powder Diffraction
Alloys which were hard and brittle were ground to a fine pewder
in an agate mortar, Filings were produced of other alloys using a new
file for each alloy. Diffraction patterns were obtained with cylindrical
Debye«Scherrer comeras of radius 57.3 mm. using Cu-~Ko radiation, Exposure
times were four hours., The éype of filﬁ used was "KK-Industrial Xeray Film",
The samples were mounted on a thin glass fibre which was dipped in "silicone"
grease and rolled in the alldy filings or ﬁowdefg
Diffraction linzs were neasured on the film with 2 device capable
of measuring to + 0,01 wmm, It was estimated that sharp diffraction lines
vwere measured to an accuracy of + 0.05 mm. HNo sbsolute error could be:
assigned to each caleulated "devalue', but an approximate measure of
accuracy is provided in the customary way, by expressing the value to the

4.

number of significant figures commensurate with +he estimated accuracy.
Understandably the low-angle "d-values" are inherently less accurate than
the high-angle "devalues". The intensities were estimated visually on an
arbitrary basis of ten units, assigning "10" to the strongest reflection
nlw - .

and 5" to the weakest reflection.

B LIRS 11 aX] L) : : o L Of)o

The distance on the film petween O = 0 and 6 = 90" ywas
routinely determined for all diffraction patterns which had back reflections,
The deviation from the ideal velues of 180,00 mn. was swall in each case
(in the second decimal) and a correction Tor this deviation was not made.,
The internal standard KCL ( 77) was used to cbtain a2 correction factor for

each camera (0.998 and 0.9¢ respectively) which was applied in caleculatine
r o) p_ o

all those d-values from which celledges were calcwlated,
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For high-temperature x-ray diffraction the powder szmples or
Tilings were sesled into evacuated thin-walled quartz capillaries of 0,3 mm.
diameter. The diffraction lincs of aluminium (high purity) at room temnp.
erature and 300°C were used for calibrating the high-temperature camera
radius. The Bragg-angle correépondimg to each diffraction line wes cal-
culated from the accurately knovm "d-value" given in the "A,S.T.M. X-Ray
Powder Diffraction File! (78,75). A "factop" was then simply caleulated by
which "S" the measured value would have to be multiplied to give "@" the
Bragg-angle cofresponding to each diffraction line. The average value of
kthis factor was 0,299,

The temperature of the sample in the camera was measured with

chromel.-alumel thermocouples which were calibrated from the melting points

Cu

of pure metals., The metal samples used for calibration werc comrcained in
small quartz cfucibles small enough to be placed directly'in the x-ray camera
furnace. The shielded thermocouple was introduced into the metal and heating
and cooling curves were cbtained in this fashion, and these ¢learly showed
the melting and freezing of thev”standard” samples, This dircct way of
calibrating the high~temperature X-ray camera was desirable and reliable, but
‘Was not easily accomplished technically. The "recorder" was calibrated in
terms of éhe pure metals as described wnder "Differential Thermal Analysis",
Alloy samples were always equilibrated for ét leasf twenty four
hours at the temperatureAinﬂquestion (in the x-ray camera furnace) before

x-ray diffraction pictures wers taken.

The x-ray diffraction tube was operated at 30KV and 15 mh,
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Electron .Probs Microanalysis

Samples, prepared as for photouicrography were coated for

edr@uction with a thin filn of carbon by evaporatien in vacuum, vStandards
of pure indium and silver were analyzed under the following conditions with
a ”Noreléb MMR/3" Electron Probe:

Gun Voltage 30KV

Beam Current 48 nA

Counting Time 10 sec.

Scarmning speed UL[L [10 sec,

X . . ]
Electron beam incidence 90

23

ag of Ag

.
pust

¢/ = 150 (cscgU ) = 3,86, using the Lai 1
ard In for analysis,

The accuracy of analysis was estimated to be 3% »
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Composition Analysis

Alloys were analyzed for silver by the well-known Voil;
hard method ( 76).  The samples were dissolved in 10 ml, of conéentrated
nitric acid, and the solutiqns were diluted to 250 ml. and aliquots were
titrated with potassium thiocyarbﬁe solution using ferric nitrate solution
as indicator. Pure silver metal was used as a standard,

Ternary ssmples were also analyzéd polarographically for indium and
aluminium, The samples were dissolved as before and '"made up" with 0,1F
sodium acetate solution to an accurately kﬁown volume to give a concentration
of the respective metal»iéng in the range of 16“3M to 10muﬁe The sodium
acetate served as a buffer and as a supporting‘electrolyte;

A few drops'of HC1 solution were added prior to analysis to remove the small.
concentration of Siiver iéﬁ from the sélution which for unknowm reasons
interfered with the enalysis if left in solution. A few drops of 0,01 per

cent gelatine -

0

olution were added as a "maximum suppressor's  Well-defined

=t

polarographic waves of indium and aluminium were obtained in this fashion,

The graphical procedure of extrapolating the polarogram platean and drawing

a vertical through the mid-point of the wave wes used to measure the diffusion
current which is directly proportional to concentration, Synthetie ternary
seriples of well.-known composition were used as "'standards", The uncertainty
in the analysis by the polarographic method is considered to be 1.5 per cent
(by wto) in each componant or 3.0 per cent in the tobal composition of the
alloy. Silver was determined separately by the Vollhard method ( 76). It is

well known that the latter method is capeble of high accuracy under optimum



5]

2

conditions. The uncerteinty in the silver determination was estinated tobe

three parts per thousand.
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THES BINARY SYSTI SILVER-INDIUM:

RESULTS AND DISCUSSION
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TABLE 1

ANNEALTNG HISTORY AND COMPOSITION OF BINARY ALLOYS
INDIUM~SILVER

A1loy Composition Time of Annealing Annealing  Quenched from Temp-

No, - % Ag Hours Temperature erature of °C
N : °c (in 1iguid nitrogen)
1 76,69 168 655 ' 655
2 72,11 : 168 655 655
3 68,68 168 655 655
b 76.69 168 655 :
: 168 500 500
5 72.11 168 655
, o 168 500 500
6 68.68 168 655
168 500 500
, 76,69 168 655
7 _ 168 : 500 :
‘ ‘ 168 325 - 325
72,11 168 655 '
8 ‘ 168 500
: ‘ 168 325 325
, 68.68 168 655
g o 168 500
E ' 168 325 325
66,50 168 655 ‘
10 168 500
168 325
90 360 360
11 76.69 168 325
336 - 165 165
12 70.15 168. 325
336 165
13 68,68 168 325
336 165 165
14 76,69 168 © 325
504 129
15 73.82 168 | 325
504 129
16 72,11 168 325
504 129
17 70,15 168 325
501 129
18 68,68 168 325

504 129
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Table 1 Continued

Alloy Composition = Time of Annealing Annealing  Quenched from Temp-
No. % Ag Hours ~ Temperature erature of °C
°c ' (in liquid nitrogen)
19 66.50 168 | 325
: 501 : 129
20 65.28 168 : 325
' 504 129
21 62.85 336 : 135
22 62.50 336 135
23 61,04 336 135
24 34,00 336 135
25 36.04 672 135
26 33.89 672 135
27 31.97 672 135
28 62.85 168 275 275
29 55.63 - 168 325 325
30 55663 168 275 275

31 55,63 168 225 , 225
32 5563 - 336 ' 135 :
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Differcntial Thermal Analvsis

The system was investige iod in the region from pure indium to
75 per cent silver. The re egion 10075 per cent szVGw was well established
previocusly (6196) and was not investigated by me in this work,

 The DQTGAQ data are presented in Tables 2 and 3, in the temp-
eluture ranges 700 to 400°C and 300 °c to room temperature, respectix}elya
The column headings in those tables ind lcate the type of transformation
responsible Tor the thermal effect observed at ths temperature given.

In order to be abie to pfeseht the phase diagram on a sﬁfflclcn 1y
expanded secale, it is presented in iwo parts in the temperature range 700°
to 100°C and 300°C to room temperature as given in Figs. 13 , and i& .

The liquidus determined in LhQ'J“ésent investigation agrecs with
that of Weibke and Eggers (61) very well, below 45000; At higher temperae
tures the agreement is not so good, with the presently determined ligquidus
lying approximately'BOC higher. The small number of points indicated by "X
in the phase diagrsa of Fig. 13 ¢ indicate the Lliguidus of Weikbke and Eggers,

The h@mogeneous y-phase region was found teo extend to much higher
indium concentration than nrev1ou"“y established by Weibke and Eggers (61),
as is evident by comparing the two phase diagramsbin Fige 13, and TMig, 1,
reSpectivelyo The high-temperature y~solidus was est blvshcd by DeT.A,

Teble 2, and the low-~temperature y-solidus was determined on the bzsis of

cderay diffraction data of alloys Nos. 28,29,30,31 (Tahle 10), and bj‘cxfraa
polation of the high-temperatur experimental date,

observed at 281°C by differential




TABLE

DIFFERENTIAL THERMAL AVALVSIS DATA OF SILVVQnINDIUN ALLOYS

IN THE EM4QRATU?W RANGu 7OO Cm 300 °c
Wth Ag L3 quidus. Isotherm Isotherm , Isotherm Solidus
C q vbg -> B B 70% ~> vy B vgb v+ L 8é Y o0
75.00 696 669
(o + ) /y
7i.00 697 €70 ‘ 659
73,00 6oL 670 :
' (v +B)/y
72,0 695 673 : 665
71,00 692 ' 653
70.00 690 - 662
_ ‘ (B + L)/B
69.00 695 688 660 650 : 669
68,00 683 659 ey :
67.00 666 658 6h2
66,00 650 627
55,00 648 612
6,00 642, 592
63600 633, 558
62,00 618 580
61.00 614
6oaoo 608 5ly7
59 595
Jqooo 592
57,00 580
56400 572
55.00 561 LL8
52,00 sl
48,00 511
13,00 473

84,




Table 2 (Continued)

WEh Ag vLiqgidus Isotherm Isotherm - Isotherm - . Solidus
c o/ -iolé- - 8 B "ﬁog, ~> v B m>oc'\( +.L ‘ OJOAC'YF o

38.00 o hb2 '

33,01 410

27,01 378

24,99 366

24,00 359

23,00 353

22,00 346

20,99 342

20,00 333

18,00 - 319

16,00 501

64




TABLE 3
DIFFERENTIAL THERMAL ANALYSIS DATA OF SILVER-INDIUM ALLOYS

IN THE TEMPERATURE RANGE 300°C-100%C

Wt%h Ag Isotherm Isothernm Isotherm v/ (v + € )
Y= €+1 €+L -> § Loy ¢+ 1In oc | °c
o o o) v
C- C C
Y/(Y + o)

73400 145
69,00 _ , 200
68,00 250
67,00 | _ 280

‘ 224
66,00 : 296
64,00 205 165 1l 292
63,00 206 165 1l 29l
62,00 205 167 BRIV 282
61,00 205 165 144 282
60,00 207 166 145 : 276
59,00 - 1654 144
58,00 204 165 1473
57,00 168 144
56,00 167 bl
55,00 202 160 Thl
52,00 205 . 164 143
L£8.00 202 165 15
43,00 202 161 143
38.00 203 163 143
33.01 20L 162 ' 144

27,01 202 159 143

08




Teble 3 (Continued)

W% Ag Liquidus Isotherm - . Isotherm
o¢ €+L ~ ¢ L~ ¢ +1In
°c °c :
2,99 ' 164 1l -
28,00 165 1l .
23,00 16L 10y .
22.00 163 14l
20,99 164 1k
20,00 : 163 1Al
18.00 164 Tl
16,00 160 14l
14,00 286 161 1hl
12,00 266 163 L2
10.00 2l 162 Thl
9.00 230 163 1hl
8,01 224 sl 14l
7,02 - 210 150 C1uh
6,02 193 . 156 1l
4,99 177 ' 151 143
3.99 156 147 143
3652 - 149 143
3,01 1hd 1AL
2450 1k 143
1.54 1h7 183
1.00 150 REAR)
0.55 153 : 143

18
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thermal analysis, This cbservation is in zccord with X=ray diffraction data
'which show that the y-phase exists as an equilibriun phase below 281°C.
If the 281°C "isotherm" really existed but was simply not cbserved, then a
new fourth intermediate phase would a2lso have to exist in accordance with
phase rule. Such a new intermediate phase does not exist,
An examinztion of the published data of Ven F, ngbke_and H, Eggers

(61)‘shows that almost 21l the "heat effects” which they observed and which
they attributed to the constant temperature reaction 281°C occur close to

the g-phase regiono. Iﬁ the present investigation these "heat effects!
rere 2lso observed (Table 3) but they did not occur at constant temperature
with changiﬁg composition, neither were the "pesks" on the thermogram

L0 S,

charscteristic of an iscthermal transformation. These "heat effects" arve dve

to the transformation > € as could be shown by xwray diffraction
Y e y

(Table 10), No experimental basis exists for a constant temperature trans.

- 5 L2 . o5 o O

formation at 231°C,

On the silver-rich side of the € -phase the same authors (41)
observed similar heat effects which they attributed to an order-disordey
transformation of the ~wphass. In the present investigation these "heat

-] p g

effects"” were alsc observed but agaln it was shown by Xevay diffraction

(Tsble 9) that they were du

]

to the Y => € transformstion. Above

the tempsrature at which the "heat effects" occurred only y~phase was present,

slightly below this temperature y and € phases were present, No experinental

]
pary
H .
Q
gt
=4
o,
L
c
o

evidence exists for claiming the order-disorder transforme

previcusly published phase-diagrans (61,29),
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I redetermined all other "isotheyms" given by Von F. Weibke and

H.Eggers (61), except one., The resulis agres within three degrees as can be
seen from the values given belew. The temperatures in parentheses are those
of Weibke and Eggers (61) .

1@4"0 ( %% ) Eitectic:
i 166°¢ ( 166°% ) Peritectic
205°¢C C(204% ) Metatectic*
660°C ' ( 6609 ) Metatectic
670°¢C ( 667° ) Peritectoid
695°C ( 693°% ) Peritectic

* A rare case found in few metal %ystemso ‘The cransforquion m general
is as follows: \L, \\v// 4\\$ loes A s0lid pzrtially melis as

tHe tenperature failss This transformation will be called "metatectic' . (6L)

ayd

But; the latter name has sowetimes been applied to a peritectoid reaction.

It will be loteo tndt the relatively rare metatectic reaction in
hich a solid phase pa?tio ly melts on lowering the comp&zauvlc‘0 CUrs twilce
in this system. The 20500 "metatectic! reicticn manifests iteelf as inter-

o

grain liquefaction of alloys which ars repidly cocled from above ?05 'C.  More

is said about this under "The o phasa and Adjoining Regions',

In Tebled, it will be noted +th:

'L

1t the evhectic "temperature halt!

1 1.0m o . s . \ .
at 1447°C is also vecorded at compositions where it should not oceur, viz,

those lying between the € ~phzse and the f.phase, Nevertheless they were

cbserved to occur (not as spurious phencmena), snd were recorded as such,

O yu . . .
The cecurrence of these 1hk C~differentiel thermal anslysis peaks i vl?oys

3

of a composition at whick they should not occur under equil Lbrium conditions



ALLOY NO,.

Megrification approx. 100X. "Trapped"

L

.

PLATE 1
OSITICH 61.04% Ag

Dark Grey at top). Can be

ed by P-phase. Major c
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PLATE 2

COMPOSITION 34,00% Ag

After Differential Thermal Analysis
with no further annealing,
Mignification approx. 80, Reaction
rim of @.phase svurrounding the "isg.-
lands" of y-phase (1light area) con be
seen,
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is due to the presence of metastable liquid (metastable with respect to
‘o . . . o
composition) which then freezes at its normal. freezing temperature of 144°C

when that tempersture is reachsd on cooling, giving rise to the observed

eutectic transformation at its nowrmal temperature of 144°¢C, Nop-equilibrium
states b?ing sbout in this case a 1eng£hening of the 144°C eutectic isectherm
as determined experimentally, and this will occur even with very slow cooling
rates, since the time necessary to establish equilibriﬁm wouid amount to
months of ahnealinge The photomicrograph (Plate 1) shows the "trapped"
eutectic (surrounded by @-phase), which exists'metastablyy and is responsible
for the 1#M0Cnpeake Plate 25shows an alloy that was subjected to differenw
tial thermal enalysis only and no additional heat treatment. The sub.
stantial amount of «-phase (metastable) surrounded by a nafrow "rin" of
¢~phase (gray) and the substantial amount of dark gray indium-rich matrix

are clearly visible, After amealing below a temperature of 166°¢c (Plate 14,
page no. 134) the amount of y-phase has clearly diminished as well as the
amount of indiwm-rich matrix, while the ¢mphasé "reaction rim' has incréased
in amount. Since the y-phase isvdisappearing with time and since 3t is not
.in physicel cohﬁach with the matrix it is metastable with respect to the matrix

and the ¢-»phasec
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Referring to Plate 3, the rmicroanalysis of alloy number 24, of
ovorﬁlf composition 3%.00 per cent silver was as follows:
areas ABg EF, GH, KL had the same C01p051t10ﬁ = 33.2 per cent silver.

The "reaction zonas" BC, DE, HJ have essentially the same come
position as the areés surrounding them, i.e. 33,0 per cent silver,

The "islands!" CDy JK had an average composition of 70,6 per
cent silver,

Due to heterogeneity and surface uneveness the area FG (maxtrix)
could not be analyzed quantitativelys Qualitatively it was established that

T was nearly pure indium, Within experimental error, the composition of the

-

areas "AB, EF, GH, KL" and the réaction "rims" corresponded to the CONPOSTe
tion of the ¢wphase (Ag Inz) and the "islands" had a composition (average)
corresponding to the y-phase.

The anzlysis of an alloy of overall composition 66,50 per cent
silver (AlloyNo° 10) yielded slightly hlghef results for the bright areas
in Flate 6, but this was not si gnificant, considering the magnitude of the
exn'“zﬁental SYrror,

Referring to Plate L4, the microanalysis of alloy 22 of overall
composition 62,50 per cent silver was as foilcws: areas "AB, EF" had the

same composition, vize. 66.1 per cent silver. The sreas "BC, DE" both cori-

&

tained 32, 3 per cent silver. The aves "CDY showed dlobOlOlaLlOﬂ under the
microscope, presumably due to oxidation and no meaningful results could be

obtained for Lhn aresd.,
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CHARACTERISTIC X-RAY PICTURE
OF ELECTRON PROBE SCAN Sl
MAG. APPROX. 350 X

ALLOY NO. 22
COMPOSITION:  62.50% Aq (by weight)

PLATE 4



PLATE 5

ALLOY NO. 22 COMPOSITION 62.50% Ag

s,

Magnification approx. 100X. Areas of
¢~phase (Dark grey) are traversed by
electron beam as indicated.
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Within experimental error the aress analyzed "AB, EF" and

"BC, DE" correspended in composition to the € ~phase and the f.phsse res.
pectively. Plate 5 is a photomicrograph of the same alloy as shown in
~Plate_l'r and the same area as that analyzed by electron probe éaﬁ be seen:
the traverse of the electron beam is shown in the photomicrograph,

The distinet browm colour observed under the reflecting micro-
scope of the aress showing as gray in Plate 5. which was obtained after
etching with ammonium persulfzte solution,(Bﬂ) whg identified as char-
acteristic of the ¢~pha569 after the area analyzed by elsctron probe was
correlated with the same area under the microscope as shown in Plate 5e

The electron probe analysis results showed that an alloy of;
overall composition of 62,50 per cent silver consisted at room tempers.
ture of the stable phases "€ " and "G oag expected, and that an alloy of
overall.composition of 34,00 per cent silver consisted of the stable phase
”¢”, an indium rich matrix and the metasﬁable y-phase, which exists at room
temperature even after prolonged annealiﬁg 2t a temperature at which this
phase is not stable, The metastable y-phase (islands) Plats 3 is surroundéd
by a zone of ﬂmphasea The latter phase increases with time while the Ay
phase decreases with time,

Within the error range of the electron probe, the compesition of
the f-phase can bs designated as hgln, (31.97 % Ag) as suggested by Hellner
(29) though more accurate analysis may reveal that the composition of the
f-phase does not correspond to any simple formula. Since the composition of

the ¢mphase is AgInzp or nearly that, an alloy of overall cemposition of
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34,00 per cent silver must be heterogensous ( € + @) at equilibrium at

room temperature, and this means that the "reaction zone" formed around
the "islands" of y.phase in Plate 3 should be .ﬁ’r,ei-ogeneous9 consisting
of a small amount of € —phase and a large amount of @-phase. The spotty
nature of the "reaction zone" revealed by the electron probe "scan~picture"
in Plate 3, may be due to such heterogencity although ileroscopice observa-
tion does not reveal any heterogeneity in the "reaction zone", Since the
amount of € -phase in the ''reaction zone' would necessarily be swall, the
average compositlion of the "reaction zone! determined with the electron
probe would be that of the f-phase within the error of the instrﬁmenfc

Plate 14 is a photomicrograph of the same alloy-sample as that
shovm in the electron probé "scan~picturs" of Plate 3, though the two cor-
responding areas are not exsctly fhe sameo The photomicrograph is included,
to show how the appearance of phases under the microscope was correlated with
camposition of phases.

Plate 6 is a photomicrograph of alloy No. 10, of overall composition
66,50 per cent silver; it shows the exact areas analyzed with the electron
probe., Two electron beanm traversés, visible as faint stfeaksp can be seen
originating in the respective areas as indicated in the photomicrograph, It
was of interest to know whether the dark and bright areas represent dif-
ferent phases or simply different grain orilentations of.the same phase, The
slightly higher silver content of the brighter sreas, as obtain by electron
‘probe microanalysis, is attributable to the greater dissolution of indium

by the etching reagent relative to silver. The conclusion was reached that

different grain orientations of the same phase are present,




TABLE &4
INTERPLANAR SPACINGS (d) OF STILVER-INDTIM ATLOYS

(ANNEALED AT 129°C, 21 DAYS)
hk.l Calevlatedt Alloy No. 17 Alloy No., 18 Alloy No. 19 Alloy No, 20 Caleulatedtx hkl

96

(y-Phase) (y-Phase) 70,157 Ag 63,68% Ag €6,50% Ag £5,28% Ag "~ (€ ~Pnase) € -Phase
(y+€) (y+€) (€) (€)
a(f) L) s Tak) LA a(R)
00.1 L7 :
‘ 2498 231
1 2,84 1 2.83 2.85 222
, 1 2,632 1, 2,620 2.6l2 3.21
10.0 2.553 b 2,555 5 2.556
00,2 2,397 5 2.387 b 2,391
3 2,326 o 2,325 10 2.323 10 2,315 2,330 L1 1
10,1 2,253 10 2,263 10 2.255
0.5 2,103 1 2,007 1 2.097 2,107 332
0.5 2,023 0.5 2,010 0.5 2,009 2,018 L2 2
0.5  1.937 0.5 1,933 1 1.928 1.939 510
: 0.5 1.802 0.5 1.800 0.5 1,795 1.805 521
10,2 1,748 Lo 1,7h9 5 1.746
3 1.64Ls5 3 1.645 b 1.6L2 1.6L75 60
00,3 1.598 0.5 1.601 0.5 1,597 1.6036 511
11.0 1Ll 3 1.481 & L.h79
0.5 1,57 1 d.bsy 1 1l.bhsk 1.4575 631
1 1,426 1 1.425 2 1.h2b 1.4268 bl
11.1 1.409
0.5 1.395 1 1.395 1 1.395 1.3980 710
10.3 1.355 6. 1.350 7 1354
0.5  1.344 7 1,343 S 1.34b &  1.343 1.3452 7 21
20.0 1,277
11.2 1.256 5 1.259 6  1.258 0.5 1,254 0.5 1.254 1.2554 732
20,1 1,230 2 1.239 3 1.237
0.5 1,215 3 1,216 6 1.217 6 = 1.216 1.21.68 211
00.4 1,1985 1 1.195 2 1.197 0.5 1,199 0.5 1,198 1.1987 820
0.5 1.180 0.5 1,179 1.1815 653



Table 4 (Continued)

“hk.l Calewlatedst Alloy No.17 Alloy No,18 Alloy No,19 Alloy No.20 Caleculatedr: hkl
(v~Phase) (v~Phass) 70,154 Ag 68.68% Ag 66, 50% 654285 Ag (€ -Thase) = g -Thase
(yre) Ly e (e) (€)
‘ 101,165 3 1,165 101,163 1.1650 822
0.5 1,148 1.2401 831
20.2 1.1267 0.5 1,129 1 1.130 1 1.133 0.5 1.132 1.31339 6.6.2
0.5 1.139 1.1193 752
0.5 1,091 1.0916 910
10,4 1.0849
11, 1.0835 0,5 1.0825 1 1.0835
: 0.5  1.0108 2 1.0415 2 1.0 1.0420 9130
20.3 0.9971 > 0.9979 b 0.999%6 30,9975 3 o.c08k 0,998 oLl
0.5 0.9789 3 0.9773 3 0.9782 00,9793 10311
21,0 0.9650 :
, 1 0.9595 1 0.9511 0.9512 10242
S 21,1 0.,9460 3 0.9492 5 0,9491
1314 0.9299 4 0.2298 4 0.9300C
2 0.9252 L 9259 L 0.,9262 0.9258 § 71
1 0.9023 2 0.,9028 - 0,902 10 L2
21.2 00,8951 4 0.8959 6 0.3958
2 00,3203 5 0.5809 5 0.8815 0.8208 11-241
20L 0.3737 1 0.5738 0.5 0.8739 0.5 0.,3748 0.8737 88 0
1 0.8605 © 20,8509 2 0.8613 0.260h 10 kel
2 0,854 2 0.35473 2 0.8550 0.8539 1132
30.0 0.8510
30,1 0.8379 ,
0.5 C.8302 0.5 0.8305 0.3295 26 5
21.3 0.3260 6 0.8283 & 0.8279
2 0.3180 3 0.8186 Ly 0.8192 0.8181 12-1-2
1 0.8071 L 0.8071 5 0.3078 5  0.5083 0.3071 1152
36,2 0,8020 1 0.7976 0.5 0.7973 '
0.5 00,7865 2 0.7871 1 0.7375 0.7R6L 116-1
i) 0.7766 1 0.7772 3 0.7777 0V.7766 12'3'3:8

. (@]
* using a = 2,961 8, c=L4,78 8
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The €-Phase and Adjoining Regions

From Table &, it is evident that alloy No, 18 of_composition
68.68 per cent is heterogenéous, consisting of (y + € ) phases, since lines
Tfrom both phases appear-strongly in the diffraction pattern of this alloy.
Alloy No; 19 of composition 66.50 per cent silver is homogeneous € -phase.
From the respective intensities of diffraction lines of the € -phase and of
the y~phase in the homogeneous and heterogéneous alloys it is estiméted
that the boundary of the € -phase on the silver-rich side lies at 67.5 per
cenﬁ silvera In the same Tzble it is seen that the alloy of 70,15 per cent
silver still contains small amounts of € -phase, Since only the four strongest
1inés of the élqmaée appear in this alloy, the € -phase is present at a
concentration near the limit of detection (by this means). The ¢ -phase
is estimated to be present in this alloy at a concentration of four to
five ﬁer cent, and this places the indium-rich boundary of the y-phase at
approximately 70,3 per cent silver at room temperéture; as shown in
Fig. l@,ipage 83, |

Alloys of composition 65.28 and 66,50 per cent silver respectively
ara both homogenecus (€ ) as shoim by x-ray diffraction data in Tabled ,
Neither was any second phase observed in these two alloys under the microscope,

An alloy of composition 62.85 ﬁer cent silver (Table 5) is
heterogeneous, and consists of (¢ «€) phases. The smsll amount of ¢-pha se
present in this alloy was also ohserved under the microscope as shown in

Flate 7. Therefore, the indium-rich boundary of the € -phese must be between




TABLE 5
INTERPLANAR SPACINGS (d) OF SILVER-INDIUM ALLOYS

(ANNEALED AT 135°C, i DAYS)

hkl  Alloy No. 19 Allcy No. 21 Alloy No. 32  Alloy No., 2%  hil

€ -Phase  66.50% Ag 62.85% Ag 55.63% Ag 34,00% Ag @~Phase
€~Phase (e 1) €+ 9 f-Phase
[}
TS a(R) I 4(d) I ad)
222 1 2.84 Co5 2.84 0.5 2,85 ‘
: , 0.5 2.83 002
0.5 2.679 1 2.692 10 2.695 211
321 1 2.632 0.5 2.624 1 2,634
‘ 0.5 2,425 5 2,429 220
b3y 10 2,323 10 2,321 10 2,331
0.5 . 2,167 1 2.172 8 2.172 - 310

332 1 2,097 1 2,104 1 2,105 ,

b2z 0.5 2,010 0.5 2.013 0.5 2,018

10 0.5 1.933 0.5 1.933 1 1.9k2

521 0.5 1,800 0.5 1.808

600 3 1l.645 3 1.648 L 1,650

611 0.5 1,599 0.5 1,598 b 1,597 b1

1 1.536 420
} 1 1,463 3 L.b66 402
631 1 1l.bs7 0.5 1.458
Llydy 1 1.h25 T 1,428 1 1.431
: 5 1.402 332

710 1 1.395 1 1.399 1 1.398
Al 8  T.3u4 8 1.345 8  1.349

732 0.5 l.254 0.5 1.255 :

' 2 d.244 521
811 6 1.217 5 1.217 5  1.220 ' 0
: 2 1.214 ity 0
. 3 1.178 413
822 3 1.165 2 1.165 L 1.167 :

ESS

Microanalysis of @~phase only.




Table 5 (Continued) ‘
' hkl Alloy No. 19 Alloy No. 21 Alloy No. 32 Alloy No, 24 hkl

€ ~Phase . 66:50% Ag " 62,855 Ag 55.63% Ag 34.00% A . @~Phase
~ € ~Phase (e+9) €+ 0 . C‘)"-—P‘naSGg
662 1 1133 0.5 1.133 0.5 1.1 :
b 1.0540 523
930 2 1.0M15 1 1.0418 1 1.0428
o : 1 1.0344 Lo
ol 3 0.9976 2 0.9980 3 0.9986
1031 30,9812 1 0.9786 30,9791
022 1 .0.9505 1 0.9515 1 0.9516
- - : 1 0.9321 52
871 L 0,9259 b 0,9263 b 0.9266
3 0.9209 335
10°4-2 1 0.9023 30,9030 30,9034 b 0.9035 642
o 1 0.8881 60k
11-2-1 5  0.,8809 50,8814 5 0.8817
880 0o5 0.8739 10,8745 0.5 -0,8752
1044 2 0.8609 2 0.8612 3 0.8617
1132 2 0.8543 20,8550 3 0.8552 :
2 0.8441 811
965 0.5 0.8302 1 0.8307 0.5 0,832
3 0.8225 bl s
12-1-1 3 0.8186 3 0.8192 L 0.8194
30,8110 535
11-5-2 5 0,8078 50,8082 6  0.8086 :
0.5 0.7998 605
11-6-1 2 0.7871 3 0.7876 b 0,7878
1233 07772 - 4 0,708 50,7780 7 0.7766 743

00T




PLATE 7

ALLOY NO. 21 COMPOSITION 62,857 ag
ANNEALED TWO WEEKS AT 1350C

Magnification 100X. Small amount of
~-phase (Darker aress) is still pre-
The main constituent is ¢ -phasea,
small arount of "trapped! Inwphese

the f-phase is also pr

asent,
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65028 ana 62.85 per cent silver. Tt is estimated to lie at 65,0 per cent
silver. The boundary concentrations quoted are for 129 C but since these
boundarles are very nsarly vertical in the tempsrature range 129°C to
room tempsrature the boundaries will lie at npac cimately the same con-
.centrations at room temperature., The extent‘cf the homogeneous € -phase
region is approximately 2,5 per cent at room tempsrature., The "compound "
AgZIn has a»composition 65.28 per cént silver, wﬁich is within the horio-
geneous € -phase range as Hellner (29) had found, but in view of the
variable composition '6f the € -phase one can hardly speak of a compound
within this composition rangegAnor can one identify the € -phase with the
COmp“SLtlon Ag,In 2s implied by Hellner (29); Vhe.stated that the € -phase
‘has a compo ion Ag?Inc Weibke and Bggers estimated the coposition of
| the € ~phase to be 66,9 to 66, 5 per cent compared to 67 5 to 65.0 per cent
511ver found in the present inves tigation,

It has been_shown that the £ -phase is nof a stoichiometric com-
pound but exists over a range of composition. In other words, the basic
cublc primitive lattice of the & ~phase will tolerate a variation in the

KA.

concentration of indium and silver atoms with a consequent lattice parameter
variation,

The alloy of composition 62.85 per cent silver (Alloy No, 21)
is heterogenecus (Table 5), Ience, the € -phase present in this alloy hés a
composition COPTuupOﬂdlﬁQ to the composition of the Indlumurlcn phase
boundaryg vize 65,0 per cent siivere The d-values (Table 5) of this

alloy belonging to the € ~phase in the range 1, 6459 24 > 0, 02533a' rs
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- : G
used to calculate the lattice parameter, from the equation d = (TS T oY
i | (n® 418 4 22)*

using the corresponding (hkl) values given by Hellner (29). The alloy

of composition 68, 68 pexr cent silver {A1loy No. 18) Table Ihy is heterocgenecous
(y + € )e The devalues (in the same fénge) belonging to the € -phase were
used ﬁo-calculate the lattice parameter szt the composition of the silver-rich
phase boundary of the € -phase, viz., 67.5 per coent silver.

a

it

(9887 2 0.004) £ at 65:0 per cent silver

a

1

(90878 4 0,004) £ at 6705 per cent silver,
The errors represent the mean de >viation,

The value'of 8, = (9.885 + OQOOE) X at the compositién Ag?Tn
(65.28 % hg) ss determined byrﬁellnef'(ZQ) folls within the range of values
determined by wé,
| The v/(y + € ) bourdary was established using differential thermal

4

tion (Tables 9,10), For exar

analysis (Table 3), and Xeray diffrac

. \ N A
ver (Table Q) is hetercgoeneous at 129°C consisting

&

-t

alloy of 68,63 per cent sil
of (y + &) phases, but is hcmogene'us'(y) at 1650Cg Therefore the bbundary
v/(y + €) must lie betwsen 165°C and 1?0 C at this compasiﬁiono Similarly
the 2lloy of 55.63 per cent silver (Table 10) quenched from325°C was hemno -
geneous (y) but the some alloy quenche froﬁ 225°C was heterogenesus (v + € ),
Therefore, the boundary'y(y + € ) must lie betweenj§25gclan” 2250C at this
conposition, | |

Heat effects observed by differentisl thefﬁal analysis (Table 3)

which are dus to the (v + € ) boundars trensition were also observed by
L Y/\y J §

Weibke and Eggers (6]) who atiributed these heat effects to an order-
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disorder transformation of the € -phase, presumably due to lack of a better

explanation, although X~ray diffraction data, as they point out, did not

support this view. As showm in the present investigation these heat effects

are due to a phase boundary transition. No reason exists for claiming

such an order~disorder transformation. Hellner (29) introduced an order-
. . . . On &

disorder transformation in the Y-phase to explain the 187°C isotherm

established by Weibke and Eggers (61): no experimental evidence exists to

support this transformation. The 187°C isotherm is adequately explained
when the a'~phase, which was not previously discovered, is taken into
consideration. From a thermodymanic point of view no need arises to in-

troduce such an order disorder transformation,




TABLE 6
INTERPLANAR SPACINGS (d) OF SILVER-INDIUM ALLOYS

(ANNEALED AT 129°C, 21 DAYS)

hkl Calcumlated-+ Alloy No,1ll Alloy No.25 Alloy No,16 Calculateds hk.1
(a'~Phase) (a'~Phase)  76.69% Ag 73.82% Ag 72.11% Ag (y~Phase) (y-Phase)
- CARNGY) (al+y) (alsy)
a0 T Al I s(X) I R a(f)
4,794 00,1
100 bollly 0.5 4,12 1.0 4,10
210 2.930 0.5 2,91 1.5 2.91 0.5 2,91
3.0 2,543 3.0 2,546 4,0 2,554 2.553 10.0
111 2,393 10,0 2,380 10.0 2,395 5,0 2,390 2.397 00,2
5.0 2,28 9,0 2.255 10.0 2,253 2.253 10.1
200 2,072 6.0 2,066 5.0 2,072 1.0 2,067 '
120 1.853 0.5 1.781 0.5 1.786
1.0 1.740 3,0 1.748 3.0 1.7u8 1.748 10.2
211 1.692 ,
1.598 00.3
: 1.L74 : 11.0
220 1465 7.0 1.4k 8.0  1.466 1.0 1.477
1.409 11.1
223 1.381 :
2,0 1.352  L,0 1,353 5,0 1.354 1.355 10.3
310 1.310
0,5 1.270 0.5 1.277 1.277 20,0
311 1,250 8.0 1.249° 8,0 1.251 4,0 1.256 1.256 11.2
1.0 1.228 1.0 1.233 2.0 1.236 1.234 20,1
222 1,195 4.0 1,195 3.0 1.196 1.0 1,196 1.1985 00,4
320 1.1493
0.5 1.129 0.5 1.128 1,1267 20,2
321 1.1075 ‘ 5
0.5 1.0836 0.5 1,0825 - 1,0849 10.4 e
, ' 1.0835 11.3
100 1.0360 1.0 1.0332 0.5 1,0350
1o 11,0051 ‘
1.0 0.9935 1.0 0.9963 2.0 1.0012 0.9974 20,3



Table 6 (Continued)

hk1 Calculateds Alloy No.14 Alloy No.1s Alloy No.16 Caleulated*x hk.1:
(a'-Phase) . (o'-Phase) 76.69% Ag 73.82% Ag 72.11% Ag (y-Phase) (y~Phase)

(ol %) o (at+y) (a’+y)
0.9650 21.0
331 0,9507  L.0  0.9495 4,0 0.9491 3.0 0.9476 0.,9460 21.1
120 0.9266 5.0 0,9264 5,0 0.9277 4,0  0.9293 0.9299 114
3.0 0.8969 6.0 008955 0,8951 21,2
0.5 0.8735 0.8737 20,0
. : 0.5 0.8525 0.8510 30,0

L22 0.8059 3.0  0,8454 3,0 0,8419 0.5 0.8458
: 0.8379 30,1
0.5 0.8247 2.0 0.8265 5,0 0.8272 0.8260 21.3
0.8020 30.2

333 0.7975 6.0 0.7978 L4.0° 0,7981 2.0 0.7978

o
<+ calculated using a = Loilly A

*  indicates metastable phase

O 3 o
#*  calculated using a = 2,961 A, ¢ = 4.778 R,

90T
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The of.Phase

A primitive cubic phase designated as "a!", which I discovered,
exists b@lCW'187OC &t approximately 73.8 wt. per cent silver. The identi..
 fication‘of this phase is baséd on xX-ray powder diffraction data, Diffrac.
tion lines with (hkl) indices which are not all even or 21l odd as fequired
by an F.lattice, when indexed as the G-phase, definitely exist (Table 6) -
and therefore they cannot belong to the normal face-centered phase, buf
must belong to a primitive cubic phase which has the same céll edge as the
o~phase, 'It was not possible to obtain the pure a'wphase. In addition
to "a'" the y-phase and possibly the o-phase were always present, but the
latter phase could of course not be idenﬁified unambiguously by x-ray dif-
fraction when o'-phase is present, since "o.'" and "' both have the same
cell edge. The y-phase is present metastably in the alloy of composition
76.69 psr cent silver as discussed undef "Metastable States',

The cell edge of the a'-phase (and of the a-phase) is b1k +

BN

: o , :
0.00k A, an average caleulated from ten different diffvaction 1ines in the
QQ“Q > v * X - r b. 3. K i)
range: 2.395% 2 d 2 0,7981 A of the alloy of 73.82 per cent silver, The
given error is the mean deviation. Within experimental error the cell edge

o A
of the a-phase at maximum solution, 4,047 A, as given by Owen and Roberts

Indications are that the a'-phese is an ordersd form of tho Q-

.

phase solid sclution with the indium atowms cceupying the (one) corner position

0,0,0) of the cubic cell and the silver atoms occupying the (three) facew
1] ¥ £y o .

oy s 11 . o a
centred positions (0,3 5 etc.). Such an atonmic arrangement results in a

20
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pT;mlt]Vp cubic lattice which would account for +the cbserved diffraction
lines not allowed by the face-centred lattice. This simple structure could
only have thé space group symmetry PmBm; Such an atomic arrangement would
also account for the equal lattice parameters of the q and a'-phases, The
structure consists of two different types of atoms with different radii. On
purély'geometric grounds an interchange of one type of atom from the corner
position, to the facs-center positions and vice versa would not change the
cell edge if one assumes that the spherical atoms touch along the face-
diagonal in each case, which is a vea sonable assumptmne

The structure proposed introduces a ‘composition restriction,

.- . . . . . - 7 .
namely three silver atoms to one indium atom per unit cell (73.82% Ag)., It
was at this composition that the diffraction lines with indices (hk1l) not all

odd ox all even were chserved to be strongest when compared with the sanc

L

diffraction lines at other compositions (vize 76,96 and 72,11% A g) as shown
in Table 6.

Since the proposed structure of the a'wphase is rather simple
it was possible to calculate the intensities-af some of the powder dif.
fraction lines resulting from such an atomic arrangement, and to compare
these calculated intensities with the corresponding observed imtensities.

The nsities T viere OJ_CUa sing the nala I
The inten 5y vere calculated using th formila hil

2 . . . . ,
K Phk? CG pe "K" is a constant which was ass igned arbitrarily the value of

unity since only relative intensities were desived, "p’ is the multiplicity

1 4 Cos 2 25 :
factor listed for various (hkl) in Table 7 e C6 = - S §s the "geometric! e
sin @ cos 0

olarization Factor for powder diffraction, also listed in Table o The
D p s :
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values of Ce as a function of "g" were obtained from tables given by Henry,

i

“Lipson and Wooster (54), "', the structure factor is given by Fikl =

(3 fy AO; 11l + 1.t 40,0, 0)2 where "A" is the geomelric smructurb factor for
2°2

the space group ijm.whlcn vas evaluabcd for the various (hkl) indices for
coordinates given by the subscripts of the respective A's; The formula
for the geometric factor "A" for this space group is given in the Inter.
national Tebles for Xeray Crystalography (53) as:
A = V8 cosZyinx (cos2tky cos2mlz + cos21ly cos2rikz)

+ cos2phy  (cos2rkz cos2ilx + cos2lz cos2ykx)

+ cos2rhz  (cos2rikx cos2ily + cos2lx cos2yky)
1t cén easily be verified that for all combinations ofb(hkl) A o= 448 for atoms
at ¥ = 0, y =0, 3 = 0, and that for atoms at x =0, y = %p 7 = %5 A = LB
for reflections with (bX1) all even or all odd and A = 16 for feflections
Vlth h,k and 1 not all even or all odd, as shown in Table 7+ The atomic
scattering fagtors (fo) as a function of (8) were obtained frém the graph
in Fig. 15, which was constructed from data of vef, (52). Tn the exXpres-
sion F?&ls‘the actor "3" enters as g velghting factor which is determined
by the composition of the it cell, The calculated intensities are large
nuibers.  To reduce them to a more convenient 90”10 for the pur pose.of GO
parison with experimental intensities all calculated intensities were mul-
tiplied by "5.13 x 107 beflore they were entered in Table 8,

A couparison of the observed intensities and the corresponding

caleulated ihtensiti@s of the first ten diffraction lines (Table 8) shows
that the relative variations of the caloulated intensities are in agreement

with the relative variations of observed intensities.
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TABLE 7
DATA FOR INTENSITY CALCULATTONS OF SOME POWDER REFLECTIONS

FOR THE ot'~PHASE ' S

sin 6 : - - 2 2 A0

ma 2 Cy o frg A(Og%p%> £ 2(0.0.0) 7 7 I=F.c%
. [

100 0.1215 5,27 6 41,45 “16 L3.25 418 86.4 7,46 x 107 0.243 % 107
110 0.1718 25.7h 1z 38.60 .1 40,35 48 81,0 7,06 x 103 0.218 = 107
131 0.210k 15.98 8 36.35 18 38.05 48 7060.8 4,985 x 1o; 637.3 x 10;
200 0,230 12,93 6 3. 50 48 36,10 48 6700.8  L.490 % 105 349.7 x 10
210 0.2716 8.727 ol 32,20 16 3. 50 +48 76.8. 590 x 103 0,124 x 103
211 0.2976 7351 2 3.és 216 33.10 48 69,6 1,84 x 100 0.083 x 10/
220 0.3436 5,020 12 20.35 18 30.65 248 5697.6  3.216 x 10! 195.% x 10/
300 0.3644 . L350 6 28.45 ~16 29,80 18 64,8 4,20 x 102 0.011 % 10
310 0.3 3,863 24 p7as 16 2845 418 62.4 3,80 x 102 0.036 « 10;
311 0.4029 3486 2u

26.80 8 28.00 +48 5203.2  2.707 x 107 226.5 x 10

TTT




TABLE 8
COMPARISON OF CALCULATED AND OBSERVE

INTENSITIES .(I) FOR THE o "~PHASE

(ot + &) ¥ = Phase (a' + a)~Phases (a' + y)Phases & '-~Phase
. ’ 73.82% Ag
d (Meas.) & 4 (Cale.) R w1 d(Cale.) §  ma T(Obs.) I(Cale,)*
Iy, 79 00,1
4,09 10l 100%k 10 1.25
2,92 2,930 220%x .10 1.11
2. 546 2.533 10.0 200
2.395 2.397 00,2 2.393 112 1000 3269,
2.255 2.253 0.1 900
2,072 2,072 200 500 1794,
1.786 1.853 21.0%x L5 0.63
1.7L8 1,748 10,2 . ‘ 100
1.692 2178 - 0,43
1,598 00,73 »
1466 Jh7h 11.3 1.465 220 700 , 1003,
1,409 11,1
1,381 300 . 0.56
1.353 1.355 10.3 150 |
1.310 3]0k o 0.19
1,270 1.277 20.0 5
1.251 1.256 13.2 1.250 317 .. 750 1162,
1.233 1.234 20, . 0
1.196 1,16 00,4 1,196 222 90
1.149 320
1,329 1.1267 20.2 20
1,108 32 sk
1.085 10,4

(AN

1,084 1.084 11.3 30




Table 8 Continued

(at + ) ¥ -~ Phase (o' + a)-Phases (' + 4)Phases o'-Phase
. ‘ 73.82% Ag ,
o o o ;
4 (Meas,) A & (Cale.) A hko.1l d(Cale.) 4 hX1 I(Obs,) I(Cale )*
1,0350 1.0360 400 20
1.0051. 430 , 200
0.9963 0.9974 20,3 . 1
: ‘ 0.9768 411
0.9650 1.0
0,249 0.9507 21.1 0.9507 334 100
C.9277 . 0,9299 _ 114 0,9266 L20 - 150
0.8969 0.8951 21,2 80
“ I ... in this table = I x 5,13 x 1077 in Table 7, |
. a'phage reflections permitted by P-lattice but not permitted by the F-lattice of the
o phase :

1) means Wide line

>0
=
Q
1
=
9
~3
~]
(@]
=0

d(Cale.) for ywphase, using a = 2,961

o
d(Calc.) for (a' + o) phases using a_ = 4,140 4

€1t




114

Since the reflections from the hexagonal y-phase contribute
‘to the observed intensities wheré these reflections nearly coincide with
those of the a'-phase, an accurate quantitative comparison of observed and
calculated intensities cannot be rmade,

‘Four different films, exposed at one hour, two hours, five hours
and ten hours respectively were used to obtain the observed intensity values
given in Table 8, In this way the weakest reflections were recorded on
the ten-hour exposed filn but not on the one and two hours films, but the
strohgést reflections were "overexposed" on the ten-hour film. To obtain
the intensity values of the "overexposed" reflsctions on the ten~hour film
the one and two~h§ur films were used and the intensity values were mﬁlm |
tiplied by ten and five respectively to correct for the shorter exposure

times of these films, The observed intensities were assigned valuss of 1
to 100 on each film relative to the reflection 10,2, This reflection was
chosen becavse it was within the "veadsble" intensity range on all films,

and could conveniently be assigned a value of 10 on the one-hour £iim,

ntensity values are

I

a value of 100 on the ten-hour film. The chserved

thus 21l relative to the same basis and are selfw-consistent, In using a
number of films exposed at different times & much Jarger renge of '"read.
able" intensities can be recorded than in using a single film only.
At 165°C and at 76,69 per cent silver the a'-phase still exists
(Table 9) but at 325°C this phase does not exist as far as could be deter-
)

mined by x-ray diffraction, but the a-phase does exist as can be seer in the

photemicrograph of Plate 8, These cobservaticns indicate that %he e'-phase is
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formed at 187OC by a peritectoid phase-veaction which is in agreement with
the phaée diagram of Weibke and Eggers (61) although they have not shown this
phase-reaction. The homogeneous field of thé t'~phase could not be estab-
lished. Indications ave that the composition of the a'.phase is AgBIn
ieeo‘apprdximately 73¢8 per cent silver. The o and o phases were not

distinguishable microscopically,
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TAELE 9
INTERFLANAR SPACINGS (d) OF SILVER-INDIUM ALLOYS
(ANNEALED AT 129°C AND 165°C)

“hid, Alloy No. 14 Alloy No,11 ‘Alloy No, 17 Alloy No, 12 Alloy No. 18 Alloy No. 13

o'-Phase 76.69% Ag 76.69% Ag 70.15% Ag 70.15% Ag 68.68% Ag 68.68% Ag
e (ot ) (v+e) (+) (y+¢) Y
129°¢ : 1650C 126°¢ 1650C 129°C 165°¢
I g I ) I a® I a(d) I a() I a(®)
100 0,5 4,12
110 0.5 2,91
3 2.543 3 2,54 L 2,556 5 2,570 6  2.556 5 2,580
111 10 2.380 10 2.389 5 2,387 5 2,380 b 2,391 & 2,385
3 2,326 9 2.325
5 2,24l 8 2.250 10 2,263 10 2,256 10  2.255 10 2,264
‘ 0.5 2,103
200 6 2.066 0.5 2,085
0.5 2,023
. 0.5 1,937
120 0.5 1,781 _ 0.5 1,802
1 1.740 1 1.746 Lo 1,749 Lo 1,746 5  1.746 3 1.753
. ' ‘ 3 1.645
220 7 1464 5 1.470 ‘ :
3 1,481 boo1.u8h 6 1.479 boo1.e01
0.5 1.hs7
1 1,426
0.5 1.395
2 1.352 L 1.355 6 1.354 6  1.353 7 1l.354 5 1.354
0.5 1,344 ‘ 7 1.343
5  1.259 6  1.262 6 1,258 L 1,275
311 8 1.249 6 1.255
1 1.228 0.5 1.233 2 1.239 3 1.240 3 1.237 S 3 1,246 ;
0.5 1,215 ‘ 3 1.216 5
222 L 1,195 2 1,200 1 1,195 1 1.193 2 1.197 1 1.194
1 1.165 ‘
0.5 1,129 0.5 1.133 1 1,130 0.5 1.135




Table 9 (Continved)

hk1 Alloy No, 14 %%18¥7N?;11 Alloy No.17  Alloy No. 12 Alloy No, 18  Alloy No. 13
o 70 '.».g

a'~Phase 76.50% Ag 70.15% Ag 70,156 Ag 68.68% Ag 68.68% Ag
QL ! (") (v+e) () (v+€) v
1290C 1650°C 129°C 165°¢ 1290¢ 165°¢

0.5 1.0826 0.5 1.0829 1 1.0835 1 1.0320
. 0.5 1.0408
Loo 1.0332

0.9935 0.5  0.9949
b 0.9495 0.5  0.9467

=

0.9979 3  1.0008 0.9976
0.9789
09491
0.,9300
0.9252
0.8958
0.8802
0.8738
0.8605
0.8501

1.0030

Q
°
N Eonn &

0.9492 4 0,9538 0.9570

0.9323
120 5  0.926i 30 0.9291

0,9298 b 0,9312
0.8959 30 0.8973

FE W W
W oww

0.8963

N oo

22 3  0.8454

0.5 0.82L7 0.54¢ 0.8260 6 0.8283 Wi 0.8%15 4w 0.8279
0.8180
0.8071

W

W

\J

[o)%
ESEN)

0.7978  IW  0.8003 1 0.79%
0.5 0.7865
Lo 0.,7766

*  indicates metastable phase,




From the x-ray diffraction data of alloys annealed at 1290()9
compiled in Table 6, it is evident that all three alloys of compesition
764695 73.82; 72.11 per cent silver respectively are heterogensous, and
consist of (o' + y)-phases, The d-values of the pure v and o phases, cal-
culated by using the determined cell edges and the appropriate ”Nlller
indices" have been included in thistable,  for reference,

Since the hexagonal y-phase has some diffraction lines which

‘very nearly coincide with some of those of the cubie a'wphase, not all dif-

fraction lines belonging to the at~phase éould be assigned unambiguously ﬁo
this latter phase, but a sufficient number of lines were unambiguously those
of the o'-phase snd could not be accounted for by pure y-phase, showing that
2ll three alloys are heterogencous, The intensities off diffraction lines

belonging to the a'ephase are smallest for the 72.11 per cent silver alloy,

.

though the a'wphase still exists in small amounts in this alloy at 129°C,

Since the indiunnfich Boundarj of the wy-phase is at approxims ely 70.3

per cent silver the composition range of the vy-phase at room tenperature

mist be less than 1.8 per cent. ‘Oh the basis of the intensity'data in Table
:61 the silverwrich boundary of the e pha& is crudely estimated to lie at
71.0 per cent silver, thch maans that the composition range of the v-phase
is less than one per cent at room temperature. 4t 325°C , the 76.69 per eent
silver alloy (Allcy No. 7), contained a-phase which was ldoﬁtified'by X2y

microanalysis (Plate 8 ) but contained no a'-phase . An Alloy of

composition 72,11 per cent silver (Alwo Noo. 8), did not contain A-phase op
P T v
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. a'wphase at 3250C, but y-phase, Neither were the two phases present at higher
temperatﬁr;s in the‘latter two alloys, as was ascerteined by high.tempera.
ture Xeray diffractiono These observations are in agreement with those of
previous investigations (61,29) and extension of the high temperature phase
boundar& of the y.phase on the silver-rich side to a tertperature of 18700
is essentially correct, as established previously.

Referring to Table 9, it is seen that alloys of composition 70.15
and 68.63 per cent silver, respsctively, are both-heﬁerogeneous at 129009
and consist of (& + y)-phases, but both are homogeneous (y) at 165°C, Highe
temperakure x-ray diffraction in the range 300 to 55000 showed that these
2lloys remained single-phased (y) at these'higher temperatures, The transi..
tion from € to Yy was observed by high~temperature X~ray diffraction for
allbys of composition 66.50 and 65.28 per cent silver respectively. At 250°C
only the pure gzwspectrum was observed and at 3500 only the pure y-spectrum
was observéda u .

Hellner (29) found that an 2lloy of composition AgBIn (73.82% Ag)
was homogeneous (v) at room temperature. In wmy investigatién an alloy of this
composition was found to be‘hetercgeneous at "room temperature” (12900) and
consisted of (y +af) while at 165°C the same alloy was homogenecous (y);'and
this structure was retained at room temperature if the alloy was annealed for
énly one week at 129°C. Three weeks of smnealing at this temperature gave a
heterogeneous alloy (o' + v) (Table6 ). Hellnef’s (29) observation is readily

. . . . . L0
explained if one considers that he amnezled this alloy for cne week at 150 C
P Y

1o

which is prebably too hich = temperature and the annealing time is too short
R 5] o 9



PLATE 9

ALLOY NO. 14 COMPOSITION 76.69% Ag
ANNEALED 21 DAYS AT 129°C,

Magnification approx. 100X, Showing
presence of y-phase,q'-phase and pro-
bably also g-phase, The g and o' phases
were not distinguishable microscopically,



PLATE 10

ALLOY NO. 1% COMPOSITION 76.69% Ag

Annealed 21 Days at 129°% and two
months at room temperature. Magnifi-
cation approx. 100X, y-phase reacting
at grain boundaries.

122
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for equilibrium phases to form. ,

The symbol "y*" in Tables 6 and 9, indic#tes that the y-phase is
not an equilibrium phase, at room temperature at an overall composition of
176.69 per cent silver, though some y-phase is retained even after three
weeks of énnealing at 1290Co The observed a'-phase probably consists of
(0. + 0')phases, but 0-phase cannot be differentiated from a'~-phase by x-ray
powder-diffraction, if the latter phase (a') is present.

That the y-phase is not stable at ths overall composition of
76,69 pér cent silver at room temperature can be seen by comparing the two
photemicrographs, (Plates 9 and 10) of this alloy. Plate 9 is a photo-
micrbgraph of the alloy after éznealing for three weeks at 1290Ce Plate
10 is a photomicrograph of the same alloy (and same annealing treatment)
but tzken two monﬁbs later (2t room temperature), showing that the e
phase is slowly transforming, particularly at the grain beundaries, pre-
sunably to (o + a'}e The newly formed phase did not present a sufficiently
large area to be analyzed by either electron probe of the x-ray micro
technique., |

At 32500p the y.phase has a very wide range of homogeneity. The
present investigatioﬁ showed that the indium-rich phase boundary of the g
phase (above BOOOC) is at a higher indium concentration than that given by
Velibke and Eggers, For example, at 3250C9 as estimated from the phase
diégram of the above authors, it lies at 66.3 per cent silver compared with
52.5 per cent silver at the same temperature found in my investigation., The
high-temperature y~phase boundary was established by differential thermal

analysis and x.ray diffraction.




PLATE 11

ALLOY NO. 28 COMPOSITION 62.85% Ag
Quenched from 275°C

Magnification approx. 100X, The dark
lines between grains and the dsyk areas
at the corners of grains are the indium-
rich soft phases The irregular or round
dark areas are holes in the grzins. The
grains are y-phase,
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PLATE 12

ALLOY NO. 29 COMPOSITION 55.63% Ag
Quenched from 325°C

Q

Magnification approx. 100X. Intergrain
liquefaction is evident. Dark lines bew
tween grains are due to solidified In-

(&
phase produced by atectic reaction.

—

The grains are y-p

®

™
\n



PLATE 13

ALLOY NO. 30 COMPOSITION 55.63% Ag
Quenched from 275OC

Magnification approx. 100X, Intergrain
liquefaction due to metatectic reaction
is evident. Grains are y-phase (light
areas).

-

C\
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The phase diag

o

ram,Figs, 139 14 is the result of my investigation,

The +y-phase undergoes a metatectic decomposition at 205 C in

o

a composition range of £5.0 to 52,5 por cent silver. Alloys of composilions
within that ra nge which were quenched from temperatures above 205°C show
1nbergra1m liquefac‘tion9 as can be seen in Plates 11,12,13. The dark
lines between grains and the triangular areas at the grain Junctures could
be clearly distinguished under the microscope as a second phase which was
very soft - almost pure indium. The round and irre gv]ar areas (dark)

within the grains in these photomicrographs are holes., -

5

When an allny‘@ such a composition is quenched from temperatures

highér than 205 °C some melting will take place because of the "metatectice!
reaction at 205OC0 During the rela atively short tinme rbqulrcd to Lfaverse
the temperature anelval of ?0) C to Joé C when the alloy is quenched in
1Jqu1d nitrogen, only a stiall amount of liquid can be expected to fornm
since melting js hardly an instantancous process. Melting in th case

he grain boundaries as in nornal relting, as can be seen

jei
I

occurs {irst
from Plates 11,12, 13, As far as could be ascertained the formation of
the fphase dees not occur under these drastic corditions and the liquid
Cremains as such below 166°C until it freezes to the indiumerich intergrain.
phase seen in these.photomicrogr 1phoe

Two alloys of comPésition 55.63 and 62.85 per cent silver were
: N . "0 0 |
- examined by quenching from 325 C and 2757°C, Photoumicrographs of these
quenched alloys are shoum in Plates 12 Jj],m Jo  IExcept for intergrain

P

liquefaction the Xeray diffraction
q Y




TABLE 10
INTERPLANAR SPACINGS (3) oOF STLVER-INDIUM ALLOYS
(ANNEAL"ED AT VARIOUS TEMPERATURES)

pkl - Alloy No, 24 Alloy No, 32 Alloy No. 19  Alloy Mo, 31 Mloy No. 29  hk.l
.’)ﬂ

O-Phase 3,004 Ag 55.63% Ag 66.50% Ag 55.6%%h Ag 55.63% Ag v-Phase
GwPhazse ‘ {e ’5) € ~Phase ( e+vy) y~Phase
135°C 135°¢c 129¢0C 2250C 325°C
I a(%) I a(k) I a®) T a(R) I abd
222 0.5 2,83 0.5 2.85 1 2,81l
10 2,695 1 2.692
321 1 2,634 1 2.632
: 1 24569 1 2459 10,0
5 2.29 0.5 2,425 ‘
2 237 00,2
L1y 10 2.331 10 2,323 8 2,297
8 2.250 10 2,271 10.1
8 2,172 1 2,172
332 1 2.105 1 2,097
22 0.5 2,018 0.5 - 2.010
51 1 1.942 1 1,933
521 0.5 1.808 0,5 1.800 :
. 2 1.740 2 1.755 ©10.2
600 L 1.650 3 1.6h5 2 1.631
5 1,597 0.5  1.568 0.5  1.601
1 1.536 ‘ 11.0
1492 2 1.503 11.0
3 1.A66 0.5 1463 .
631 1 1457 0.5 1,448 _
Ly 1 1831 20 1425 0.5 i.ue 0
710 5 1.402 1139 1 1,395 0,5 1,988 <
721 8 1.349 3 1,30 7 1.336 6 1.368 10.3
Lo 1,266 5 1,273 20.0




I ﬁlloy No., 32 Alloy No. 1 Alloy No, 31 ° A170y No, 29 " hk.,1

hkl AMloy No, a
¢ -Phase 24.005 Ag 55,635 Ag 66,508 Ag 55.63% Ag 55GQJ> Ag y~Phase
' @—?hase ( Gwﬁ/ : € -Phasc - €+Y>‘ -Fhase
135°¢C 1359 1290¢C 2250C 2500
732 0.5 1.254 3 1.250 2 1.254 11,2
2 1.2
811 2 1.230 5 1,210 6 1.21 h 1.210
3 1,178
822 1 1.187 3 1,155 0,5 1,161
£62 0.5 1,134 1 1.133
230 e 1.0540 21,0430 2 1.0u41s .
0.5 1.0073 1 1.0108 20.3
ol 3 0.9986 0.9976 0.5 0,9963 '
1011 3 0.9791 3 0.9812
0.5 0.9645 2 é77 21.0
10-2-2 1 0.9516 1 0.95053
1 0.9321 1 0.935:1 3 0.9392 11l.4
871 Ly 0,0266 L 0.9259 2 0.9258
3 0.9209 :
L 0.9035 3 0.5037
10°4-2 1 0.9023 0.5 0.9028 3 0.9007 21.2
1 0.2881
121 5 0.8817 5 0.8809 L 0,8817
820 0.5 0.8752 0.5 0.8730 .
100 3 0.A517 2 0.8609 0.5 0,8612
11°3-2 3 0.8552 2 0.3593 0.5 0,8551
2 0,844
2 0.8400 2  0.,8421 30.1
965 0.5 0.8312 0e5 0.8302
3 0.8225
12-21 4 0.81%94 3 0,51R6 3 0.3204
3 0.3110 -
1lr5.2 6 0,3086 5 0.5078 L £.8101 0
0.5 0.7938 ;
1161 N o 0.7870 2 0.7871
12-3-3 7 0.7766 5 0.7780 A 0.7772 2 0.7803
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For a hexagonal system

Lok Wamerr) 2P (1)
2T =3 2 TS L
a,, a ¢
bkl
or ;.];.. — & .IF.H. ,},ﬁ ’ (2)
32 3 2 T3

where NH = (h2 + hk + kz)o Using initially the lattice parameters given

by Goldschmidt (24) a = 2,950, ¢ = 4.769, a nurber of N ..values were cal.

s

v

culated for each d-value for a range of assigned l-integers, from the

above gquationo For example, 1 was assigned values of 1 = 0,1:2, 0coe 6

in the frontafeflection region and seven different NH values where cal-
culated for each duvaluec Since NH must be an integer the NHmvalue closest
to a permissible integer was the desired value. The particular l-value
used in caleulating the "correct" NHmvaluo was the proper l-index. By
using the tables of Azaroff and Buerger (50) the h and k indices ware
easily and conveniently found once NH was knowne In this fashion the cor-
rect hkl indices wers established for each d-valus. Since the computations

are tedious and time consuming a program was writien for 2 small com uter
P

("Programma 101") which calculated a series of N _wvalues for each given

H

d-value, beginning with 1 = 0 and reiterating the calculation after ine

creasing 1 by one, until the limit imposed on 1 was reached. Writing

):

equation (2) for two different d-values (dropping the "H' on N

H .

1y 18
~E- = =F 4 ”Q; when d, and d, are two different d-values

2 3 2 7 1 - 2
d a c

1

2

»..]:..__ LL NZ 12 ’ 1N \ EA
2 =3 :E + ;5 and hl” 11; and Noys 12; are the respsctive
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indices, the two equations can be solved for a and ¢ simultaneously

giving:

2 .
i 4
I . 12 Nl)

AT

)
dy 4
N
. (N1 1y = Ny 1)
EREIE
2 " 2
2 94

Successive pairs of d-values (and their corrssponding Miller indices) were
used to caleulate a nomber of "a' and "¢" values. The average "a' and 'c®
velues were then cbtained and these are the values used in caleulating the
d-values in Tables 4 and &.

, o}
2,961 + 0,002 A

1,778 + 0,004 X

a

I

a2t room temperature
¢

i

The error shown is the mean deviation,
The given cell edges were caleulated from the powder diffraction

pattern of alloy No, 17 of composition 70.15 per cent silver, Using the d-
values in the range 2,263 > d > 0,92988 (Table 9)  The alloy contained
some  g-phase, Only the lines belonging to the anhase were used. Since
.the alloy is hetercgenscus, the calculated cell edges are valid for the
cémposition at the indiuwm-rich phasemboundarybof the ~y-phase viz, 70.3 per
>ont silver., Since the v=phase has a very small corposition range 2t room

temperature (less than one per cent) the lattice edges would be expected to
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be very nearly the same at the composition of the silver-rich and the indiume
rich phase~boundaries of the y-phase. The cell.edges of the v~phase should
thus be very nearly the same at any composition i.e. an alloy of any overall
composition which is at equilibrium.should yield vefy nearly the eame cell
edges. Ohly if the Y«phase was not at equilibrium at room temperature would
substantial changes in cell edges with a cha ange in composition (at room
temperature) be expscted. The cell edges determined by Goldschmidt (24,

Hellner (29) and myself are given below for comparison,

. - = 2,950 + o003 kX = 2,958 at AgsTn
Y el v - SPa PEN
Goldschmidt (4 ) = 1769 + 005 kX = ﬂa779i (room temperature)
: a = 20983 8
] 1 . O T - aratur
Hellner (29 ¢ = 1759 & at AoéqAnB? (room tempersture)
0
a = 2,961 + 002 A ,

Present o at 70.3 per cent silver

Investigation ¢ = Q°778 + 004 A (room temperature)

 The substantisl difference in cell edges as determined by Gold-
schmidt Cﬁb} erd Hellner (29) compared with my vslues suggests that prior
anU"tlgdtOgS did not anneal the alloys at = sufficiently low temparature.
This conclusion is slso supnorted by the fact that I found an alloy 73.82 per

cent silver (Table 6) to be heterogeneous. consisting of (Y + ') phases at

room tempsrature UnLle Hellner (?9) found the same alley te be homogeneous (y).



PLATE 14

PHOTOMICROGRAPH OF '
ALLOY NO. 24, COMPCSITION 34,005 Ag
Annealed two weeks at 135°C

ion approx. 100X. Metastable
¥ peckled islands) within the g-
phase (bright) can be seen. The black
area is In-Phase,

Magnific
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Metastable States

The y-phase exists metastably at room temperaturs (at compositions
where it should not ex1st) even after prolonged armealing at 13500, as
shown in Plate 14, where the gray “islands” are the y-phase., A comparison

with Pla é 2 which is a photomicrograph of the same alloy, which was not
amealed and was subjected to differential thermal analysis only, shows that
the narrow "rim" of @-phass (in the latter plate) sufroundlnr the large
”1slands” of y-phase has growm con51derably after amnealing, while the
avea of the y~phase has diminished. The "islands" of vy-phase in Plate 14
have a speckled appearsnce which is clearly revealed in the enlarged photo.
micrograph of Flate 15,

New phases are apparentlbeeiﬁg precipitated within the metastable
v-phases The individual grains of the precipitate are at this stage too
small to be identified by electron probv microanalysis or any other means.
The precipitate i is probably ewnhasa and an 1nd1umurwen phase res ulting
from the related oceurrence of the metahectic prhase reaction which normally
takes piace at 2050Co The indium-rich phase is itself metastable at this
dompositiongvizo9 34.00 per cent silver, and it should then reéct with the
remaining y-phase to form ¢mphasea Xeray diffraction data of the end--pro.
ducts of this phase~reaction, which support this vieiwr, were obtained. An
2lloy of composition 33.89 per cent silver was annealed for four weeks at
135 C and a2llowed to wemain st room temperature for two months in a polished

- state before the photograph was taken which 4is shown in Plate 16. The areas

where the y-phase previously existed as "islands" are 01 arly outlined,
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PLATE 16

ALLOY NO. 26, COMPOSITION 33.89% Ag

Magnificationapprox. 100{. Annesled

four weeks at 1350C. Within areas pre-
viously occupied by metasteble y-phase, a
small amount of € -phase (light areas) has
formed. Black arsas are holes. The major
constituent is @-phase.
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Within these areas another phase, occuring as small bright areas, is
evident. Xeray diffraction of the heterogeneous areas (micro technique)
showed that the phases afa ( @ + 6.

The sequence of events taking place during the attaimment of
equilibrium in alloys with less than 52.5 per cent silver (for example the
34,00 per cent silver alloy) must be as fgllows: From the molten alloy the
y-phase is precipitated first as a solid at the temperature of the y-solidus.
At 205OC the metatectic reaction occurs and the solid remelts pertially.

At 166°¢C anA additionel solid phase is precipitated - the ¢~phasée The latter
phase nucleates preferentially on the y-phase forming eventually a visible
"rim" or shell around the y-phase as in Plate 2. Since the @-phase has a
composition intermediate between y-phase and the indivm-rich phase, further
growth of the @-phase must involve diffusion of silver and indium through
the latter phase, and consequently growth becomes slower with time as the
total thickness of @-phase through which diffusion must proceed becomes
larger. Simvltaneously the metatectic reaction may proceed slowly through-
out the y.phase yielding ultimately ¢~phase’p1us € -phase. The latter
pro¢&Ss may becowe Lhe predominant process, with time, whersby the alloy
reaches the equilibrium state. Both proceéses are understandably slow;
y-phase 1s thus retained metastably unless the alloy is annealed for a long
time.

The non-equilibrium states described, which prevail during dif-
ferential analysis, will have the effecct of extending the 114°C.isothern to
a much higher silver concentratior tharn would be observed under equilibrium

conditions. This is shown in the photomicrograph of Plate 1.




1.3

PLATE 17

ALLOY NO. 3, COMPOSITION 68.68% Ag

Quenched from 655°C. Magnification
approx. 100X, Grains of y-phase

(1ight) partially transformed to (y + € )
¥ Y
phases.
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- The y-phase is also retained metastably at room temperature at
cdmpositions lying betwg&n the o-phase boundary and 71.0 per cent silver,
and the € -phase boundary and 70.3 per cent silvér, unless the alloy is
properly annealed. Tfansformation to the equilibrium phases can however
be induced by thermal shock it seems. Plate 17 is a photomicrograph of an
alloy of composition 68,68 per cent silver which was quenched from 65500
in liquid nitrogen. Xe-ray diffraction (micro analysis) showed that the
homogeneous (bright) areas are grains of y-phase while the heterogeneous
area betwsen the grains consists of (y + € ) phases, The same alloy
guenched from 5OOOC did not undergo this transformation, but remainedvhomqm
geneous throughout. Similarly the 72.11 per cent silver alloy (Alloy Nos.2,5)
when quénched from either 65500 or 500°C did not undergo fhe transformation
fo (y + € )o This was not surprising since the latter composition does not
fall within the (y + € ) region at any temperature. It is probable that the
alloy of 68,68 per cent silver was in the y + liquid field at 655°C prior
to quenching - judging from the appearance of Plaote 17, and that the liquid
transformed to the ¢ ~phase aftér quenching. But if this did indeed happen,
it is not clear why the liquid should not have transformed to the y-phase
after quenching as would be expected,

Alloys of metastable y-phase, which have an overall composition
that falls within the (§ + € ) range at room temperature, can bhe readily
traﬁsformed to the equilibriuwm phases (§ + € ) by filing. The filings so
produced, consist of (¢ + é&) phases. It was for this reason that quenched
~alloys had to be analyzed using the microtechnique of x-ray diffraction, which

did not cause a transformation to the equilibrium phases to take place.
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The @¢-Phase and Ad jeining Reeions

To ascerfain whether the indiummphase which is present at room
temperature in alloys of com0051LJon lying between the €& ~phase and AgIn?
is in fact present me‘taswblyB an alloy of 36,04 per cent silver was
annealed at 135 °C for four weeks., Microscopic examination, as shotm in
Plate 18, showed that no indium~phase was present, and that the alloy cone
sisted of only two phases - largely f-phase and some € ~phase (bright areas).

4

Thus, given sufficient time, the indium-phase disappears at temperatures
1owér tﬁan 1660C, in the composition range in qﬁestiong and this means

that any indiumfphase preéent at room temperature in such alloys is present
metastably.

Atiempts were made to define the composition of the @-phase more
closely. An alloy 33.89 per cent silver was also amealed at 135°C for
four weeks to establish equilibrium. It still contained a small anount
of € ~phase as showm in laLOJID o Similarlyg an alloy of 31.97 per cent
silfer (AgInZ) was amealed for four weeks at 13500° As. shovm in Plate 19,
three phases are still present; hence thié alloy has not reached equilibrivm.
The few small bright areas were identified by xwray diffraction as y-phase,
The majorAconstituent is @ephase. The dark gray areas are indium-~phase,
From the observation that the indiuwn-phase presented a larger total afea
than the y-phase it was coneluded that thé equilibrium alloy would be

heterogeneous, consisting mainly of ¢mphase and a very small smount of

indium-~phase., The composition of the f-phase thus lies batween 31.97 per

o]

cent silver and 33.89 per cent silver. It is estinated that the compesition
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PLATE 18

ALLOY NO. 25, COMPOSITION 36.04e Ag

0 e
eeks at 135°C., Magni-
roxe, 100X. Small amount of

re

" i
ht areas) is present within




PLATE 19
ALLOY NO., 27,

Annealed four we:
fication approx.

of metastable y-phase (light
present as well as In-phase,
2 o . . -

Major constituent is ¢ &
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COMPARISON OF MEASURED duVALUES(X) OF HELLNER (29)

Hellner
(obs,)
d(R)
s
31 2 .694
25 | 20@30
3+ 2,173
ho 1,597
2. 1,534
%, Ll
L % 1,402
1 1 o 3“’{%
1 .
5 1.335
4% L2l
L 1.215
5“:" 1 © 1-78
&

TABLE 11

AND THIS INVESTIGATION WITH CALCULATED VALUES

Alloy No. 24
Composition
34,005 Ag
d(ogsa>* R

I
1/2 2.83
10 2.695
5 2.429
8 2,172

1.597

1 o 1466

5
1 1536
3
5 1.402

2 : ]. © 2[4)4’

™

121k

1.178
:L o 051’}'
11,0304
0.9321.

R

0.,9209
0,9035
0,.8881
08401
0.8225
0.8110
0,7998
0.7766

bt
NSl v EW

S

This work, x-ray microarnzlysis

using a

(o]
= 6,859 A, ¢ = 5@6OQ

o
A

Calculaﬁ?&ﬂf

pz

d A hkl

¢
2,802 002
2.6937 211
2.1286 220
24271 112
2.1722 310
2.1711 202
1.5969 b33
1.5961 213
1.5360 L20
1 tel2 Lo2
1.4018 332
114010 004
Te3071 510
13469 L22
13461 13k
1033&3 ajl
1.3338 323
1.2972 204
1.2437 521
120433 413
1,213 Lo
12103 512
1.2135 220
11770 314
1.0534 523
1.0351 L2k
0.9303 5l3
00,9299 Lis
0.9215 335
0.9019 730, 642
0.8865 60
0.84273 811, 741
0,8236 Llyg
0.8120 535
0.3009 605
0.7752 745
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of the @-phase is a few tenths of a per cent higher in silver than AgInZo

Fa

The homogeneous range of

1

the Pephase is def finitely less than two per
cent. This estimate is based on the observation, under the microscope,

that the amount of Inephase present in the 31.97

=3
RSN

silver alloy is very
small,

The Miller indices of the powder diffractiocn lines of the tetra~
gonal Qophase and the cell dimensions were determined by Hellner (29). The
. o 9 ! . 9 s &
latter are given as a = 6.869 4 ,005 X; c = 5,604 + 005 A; with four

g x X
atoms per unit cell.

In Table 11, d-values measured by Hellner (29) and thosec

@

mgaéured by ms are given9 together with the Cdlcul&Lod d-values, using

the c¢ell edges and Miller indices given by Hellner (29)., The calculated
and mezsured values ave in good agreement. No improvement in the dimen
sions of the cell edges over thoss given by Hellner could be attsined with

the present data.

&
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Sumgry

At high temperatures the liquidus was found to lie approximately

8°C higher than that determined by Weibke and Eggers (61). At lower tempe

eraturess the agreeumsnt is good.
‘ The isothermal phase transfdrmation at 2870C clained by Weibke

snd Bgegers (61) does not exist.
Metastability is a persistent phenomenon in *this‘system° The

y~phase and the indium-phase are retained metastably at room temperature.

The boundaries of the intermediate phases have been redetermined.

The y-phase has a concentration range of 71.0 to 70.3 per cent silver at

9

room temperature. At the composition AgBIn the alloy of 73.89%Agis de-

finitely not homogsneous as previously claimed (29)., It consists of
g P Y

(y + a') phases. The cell edges of the hexagonal y-phase were determined

: 0
as a = 2,961 + 0,002 4y

¢ = 1,778 & 0,004 A at room temperature

The cell edges of the ywphase determined by Goldschmidt ( 24) and Hellner

Y

(29) wers determined most probably for alloys which were not at equilibrium

at room temperature. The y-sclidus extends to higher indium concentrations

than given by Weibke and Eggers, e.g. at 325°C the y-solidus is at 52.5

er cent silver according to me, but at 66.3 per cent silver according to
p Eﬁ § p &
Weibke and Eggers (61). The order-disorder itransformation of the y-phase
postulated by Hellner (29) does not exist. The y-phase undergoes o 'meta~

. . o . .
tectic' phass-reaction at 205 C which was not knowm previously.
IS X

The € -phase has a concentration range of 67.5 to 65.0 per cent



147

silver at room temperature. At these compositions the cell édges of the
. ‘o
cubic € -phase were determined to be 9.878 + 0,004 A and

o

9,887 + 0,00 A respectively.,

The composition range of the € -phase is in %easonably'good agreement as
determined by Weibke and Egger (61), but obviously the claim ( 29) that
the € ~phase is represented by AgzIn is not correctq The Y/(Y + € )
béundary'was investigated. On the silver-side of € , the Y/(Y + € )
boundary determined by me is in PG&SOﬂubLJ good agreement with that es-
tabllsﬂed by Hellner (29). On the indium side of € , this boundary was
hed previcusly. The order-disorder transformation of the & -
phase claimed by Weibke and Eggers (61) does not exist., The heat effects
upon which this clein rests were shown to be due to the v oy &
transformation,

A new phase ot is claimed to exist at approximabely_73°8 per cent
éllvm* beiow 1870C9 which is formed by e peritectoid phase reacticn.at
1870Co It is an ordered version of the a-solid solution with the same cell,
edge as the latter phase. In the q'wphase the silver atoms cccupy the
face~centre positions and the indium atems occupy the corner positions of the
cube, yielding a primitive cubic ] ttice. The cell cdge of the wlephase

0
was found to be 4,14 + 0,004 A4 at room temporature. The Justificzbion for

this phese is the cccurrence of diffraction lines not allowed by the face-
centred lattice of the a~phase. A crystal structure was postulated for the

a'~phase and intensities of diffraction lines were csleulated which wers
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qualitatively in agreement with the observed intensities.

Attempts were made to define the composition of the @-phasc nore
closely. The composition of the ¢ephase lies between 31.97 and 33.89
per cenps'ilvero Indications are‘that the ¢;phase does not have a conme
position AgzIn ét room temperature but that it is a feﬁ tenths of a per
cent highe% in silver,

A new phase diagrem of the system indium-silver was constructed
£ Y ?

and is given in Figs, 13, 14,




THE TERNARY SYSTEM, Ag-In-Al

RESULTS AND DISCUSSION
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A

given overall composition, since the overall composition would then
"have to fall within the triangle Al-$.In, If the overall corposition doss
not fall within this trisngle, and if the amount of In-phase present in

the actual alloey

e

s small relative to the other phases, then one can safely
assume that the possible equilibrium phases arve (o + ¢ + € ) and not

(o + ¢ + Tn),



FLATE 20

ALLOY No. 8, COMPOSITION 80.,00% As

\ o
o

20,00% Al.

by the
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ation anprox.
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PLATE 21

2
40.00% A1,

COMPOSITION 60.00% A
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PLATE 22

ALLOY NO.2 , COMPOSITION 20.00% Ag,
80.00% Al

Anmnesled at 135OC for three weeks,
Needle-like {-~phase precipitate at the
grain boundaries can be seen. Magnifi-
cation approx. 80X,

1

5
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PLATE 23

ALLOY NO. 15, COMPOSITION £0.00% Ag,
’ 30.00% Al,
10.00% In
Annealed at 135°C for three weeks. Evi-
dently a two-phase alloy. Darker g-phase

grains separated by y-phase (lighter areas)
Magnification approx. 80X,



PLATE 24
ATLOY NO.26  COMPOSITION 59.98% Ag,
20,007 A1,
20.00% In

Annealed for three weeks at 135°C
Careful Scrutiny shows that three
phases are present, 0, € and v.
Magnification approx. 80X.
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PLATE 25

ALLOY NO. 10, COMPOSITION 10.02% Ag,
80,00% A1,
10.025 In.

Annealed at 135°C for three weeks, The

ma jor phase is o-phase, A small amount of
$-phase is present (grey)and a very small
amount of € -phase (light) is also present.
Magnification approx. 80X,

158
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) PLATE 26

ALLOY NO. 22, COMPOSITION 20.00% Ag,
60,00% Al,
20 ° 00/9 In e

Amnealed at 135°C for three weeks, Tt

is a three-phase alloy with ¢ (major), €
(emall light areas) and some @.phase

(smooth grey) present. Some metastable In-
phase is also present. Magnification approx.
80X,




PLATE 27

ALLOY NO. 34, COMPOSITION 50,00% Ag,

19.99% 41,

30,005 In,
Annealed at 135OC for three weeks. Three
phases are present: o(light "spongy"),€
(light smooth) and @(smooth grey). Magni-
fication approx. 80X.
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PLATE 28

ALLOY NO, 41, COMPOSITION 40,003 Ag,
20,00% A1,

39.99% In,

-

. e
Amnmealed at 135 C for three wue
phases are present: o(1i
(light smooth), and @(dark grey smooth).

lagnificati

o4
|
on approx. 80X,

ks« Three
ght seratched), €
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PLATE 29

ALLOY NO. 48, COMPOSITION 40.00% Ag,
_ 10.005 A1,
49.99% In

Annealed at 135°C for three weeks, This
alloy consists of €-phase, §~phase (brown)
and a very small amount of ¢-phase. The
black areas are holes. Magnification
approxe. 80X,

162



PLATE 30

ALLOY NO. 42, COMPOSITION 49.99% Ag,
10,005 A1,
110,005 In,

Annealed at 13500 for three weeks. This

alloy consists of €.phase (light areas) within
the @-phase (grey) and a smal’

O-phase. Magnification app:

11 amount of

16

2
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Al

Room Temperature Isothermal Section

?ige 210



The Reom Temperature Isothermal Ssetion

o)

At room temperature, all phases
areas exist, viz. (0 + §+e), (g v+ €)amd (0 +% +In)e Yo twoe
phase arez (¢ + c) is shown. These phase bounderies have been drawn in
sccoxdance with the nicrostructure of annsaled alloys observed under the
microscepe and shown in the photomicrographs of Plates 20 to 30, In ade
dition to the ternary elloys, three binary elloys in the systen, Ag-Al, were
examined, mainly to see how the microstructurs of these allays changes
after indium is addedo. Alloys #8, #6 and %2 zve the binzry alloys shown
in Plates 20, 21, and 22 respectively. The first shows large grains of
{— phase ard some eutectic. The second alloy Plate 21 is very nearly of the
eutectic compesition, and the lamellar type of eutectic is seen, Alloy #2,
Plate 22 shows the nsedle-like { -phase precipitate st the grain boundaries
wxbn1Q the Cnphagu (or Al-phass). The "spongy" appsarance of the o.phase
is a characteristic of this phase in the teyna?y*éystem a2lsc,

Ailoy # 15, Plate 23, is basically the sems type of alley as 48,

xeepl that no eutectic is present. It is a binary allof censisting of

(o + y) phases.
| Aliéy’#Zé, Plats 24, looks very much like #£15, but & third phase
can be discerned. The poor quality of this photeogr ph mnskes it difficvlt to
identify the phases. Under the miercscops the
better « This alloy consists of thres phases, (o + y +€) and 2 small
amount of metastable indiwn phase,

A$Woys 710, 22, 3%, and 41, have the same kind and muwiber of phases;

re solid (Fig. 21). Three three.phase
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only the relative amounts of phases vary. These are shown in Plates 25,-
26,27 and 28‘respé>ct'1velyo They are all three-phase alloys (o + € + 3o
The "spongy' looking, eésily scratchable O-phase, is present in all four
alipyse The characteristic colour of the f-phase (dark crey and brown
ﬁnder the microscope) was also easily identified in all thrge alloys, The
€ -phase (bright) is present in Alloy #10, Plate 25.in only very small
‘quantityo A small amount of metastable indium phase seems to be present
as well, |

Alloy 42, Plate 30, consists of € ~phase embedded in @-phase and
& very small amount of owphase is still present. This alloy is still within
the three-phase region (0 + € + §),

Alloy #48, Plate 29 consists of only two phases, "' and e,
with a mlnute amount of oOwphase discerniblg. This alloy is considered to lie
on the boundary, as shovm in the "Room Temperature Section' of Fig. 21,

Moy #17, 61" composition 80,007 Ag, 10.00% Al, 10,007 In, was
also annéaled for fhrea weeks at 1350C and examined undsr the microscope,
and found to be homogeneous (v).

The y-phase of the binary system, Agw-In, and the § -phase of

the, Ag-Al system, are both close.packed hexagonal with similar cell edges:

o)

4 o : o
vlat rete): a = 2.961 A:; ¢ = 4,778 A
0

{ : a =2.865 E; ¢ = 4,653 A (66)

e

In view of this, these two fields of homogeneity in the respective binary
systems have been joined in the ternary system. Alloy #17 falls within this

honcgeneous field in the ternary system.




The Nomenclature
binary system, Ag-In, with
aluminiuvm Qesolid-solution

workers for the same phase
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of the ternary phases is the same as that of the
one symbol added, viz, "', which is used for the
in the ternary system. It was used by most.

in the ,. Ag-Al, system,
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Fige 16. Plan of "Vertical Sections',
Fig. 1
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- TABLE 12
HERMAL ANATYSTS DATA, VER TICAL SECTION I
Composition in Weight - 9 Terp, © ot Pempe
In Lg Al Liguidus Inflectio Halts
1 1.00 98,00 1,00 921 88L
2 1.96 96,08 1.97 837 822
3 3,00 9L, 00 3.00 849 779
Iy 1,00 92,00 Ly, 00 814 760
5 I, 50 91.00 Lo50 796 762 .
6 5,00 90.00 5.00 77k 761 590
7 550 83,00 550 757 588
8 7,00 88.00 6,00 748 588
9 650 87,00 6450 1) 737
' 613
: 597
10 7,00 86.00 7,00 732 22
" 699
635
1L 7.50 85,00 750 72k 713
. 678
663
i2 8,00 8l .00 &.00 712 682
13 8,50 83,00 8050 697 690
375
1L 92.00 82,00 9.00 6883
15 2.50 81.00 9.50 683
16 10,00 80,00 10,00 678
17 0 11.0% 775 131.00 663
18 12.00 76,00 12.00 652 143
19 13,27 7346 13.27 631 507 144
20 13,01 69.99 15.00 601 512 143
148
2L 16,91 66,19 16.90 573 518 143
148
22 18.76 6249 18.75 ghé 522 143
L83 147
: L59
23 20,01 59,99 20.00 528 524 143
148
2L 23,00 5,02 22,08 5h2 518 143
148
25 26,26 L7, 50 26.25 559 512 143
L7
26 28,64 Lz, w2 23, 570 510 L3
' 163 1u7




" Table 12 (Continued)
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Composition in Yeight - % Temp. o Terip. o Temp. °n
In Ag Al Liquidus Inflections Halts .
27 31.03 37.94 31,03 581 506 143
, ' 188 148
165
28 33627 33.37 33.36 588 507 %Zg
29 35.01 29,99 35.00 591 1yly
506 149
30 3751 24,99 37.50 600 141
_ 503 148
3L 39.52 20,97 39,51 606 143
L.LC)L;,
32 41,11 17.79 41,10 611 143
33 bl 4], 11.20 Lhy 1o 621 143
34 b7.31 5040 L7 .30 629 143
35 hg 051 3900 1\”8050 635 313!'3
36 50,01 49,99 6l 154
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TABLE 13

THBERMAL ANALYSIS DATA, VERTICAL SECTION IT
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143

Composition in Weight 9 Temp. °C Terp, °C Terip, °C
In Ag A1 Liguidus Inflsctions Halts
37 © 50,00 50,00 525 207
166
143
38 L9735 49,75 50 Lg2 232 143
152
: 164 :
39 L9 L9 Lo Lo 1.01 4873 178 143
. 159
Lo 49,00 Lg.,00 2.00 509 503 230
398 147
o 330 143
' 323
L1 L8.75 L8758 2.50 521 239
1h7
1
L2 18,50 48,50 3,00 528 241
. 143
L3 8,01 48,01 3.98 173 e
g 1
iy 47,50 4750 5,00 537 482
192 241,
150 - 143
Ly L7,00 L7.,00 6,00 533 ' 143
L6 L6 s L6, 50 7,00 528 154 243
192 141
L7 16,00 16,00 8,00 52k 500 148
' Ly 143
L8 45,81 L5.81 8.38 520 5073 147
Ll 143
49 5,16 L5 L6 9,09 516 505
148
' 143
50 45,00 45,00 10,00 510 Lo 506
. 148
, 3
51 1, 50 Ly 50 11,00 52l S 33% 506
149
. : 3
52 Ll 00 Ll 00 12.00 534 273 506
8



Table 13 Continued

Comnosition in Weisht %

In

Ag

Al

o
Tempe,
Liquidus

o
Temp.

174

o
Tenp.

Halts

53

54

56

57

60
61
62
63

6l

.66

67

43,50

43,00

42,50

b2,25

431,98

1050

41,00
40,50
40,00
39.00
3750
33.27
32.50

28,60

43,50
h3.25
13,00
h2.50
b2,25
141,98
1., 50
L1 .00
10,50
10,00

39,00

28,60

13.00

13.50

14,00

15.00
15,50
16,04

17.00

18,00

19.00

20,00

22,00

‘ 35000

42,80

532

532

B41

5lE

55t

Inflections

199
179
172
348
177
435

506
148
143
507
148
143
507
148
143
506
148
143
510
148
143
510
148
143
503
148
143
508
148
143
508
148
143
507
148
143
587
14

43

506
149

143
506
149
1
507
148
114.3
505

ey one

o anam



Table 13 Continued
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Comﬁesition in Yeight %
Temp., °c Tetpe °c Temp, °c
In LAg AL Liquidus Inflections Halts
€8 - 23,00 23,00 54,00 609 L57 —
69 16080 16080 669140 623 11‘”3
R - 100,00 659 -
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TABLE 14

THERMAL ANALYSIS DATA, VERTICAL SECTION TIT

Composition in Weicht %

177

: %

TempooC ‘ TempooC Temp,OC
In Ag Al Ligquidus Inflections Helis

70 89.11 <90 2,99 639 148
143

7L 87.22 3,00 9,78 634 143
43

72 85.43 5,00 9.57 631 e
. 143

73 83.63 7.00 9.37 628 -
143

7L 81.83 9.00 9e17 622 e
: ' 143
75 80,03 11,00 8.97 61 148
143

76 78623 13.00 877 609 -
77 7643 15.00 8.57 605 148
13

78 7163 17.00 8.37 601 -
v : 143

79 72 63U 19.00 8.16 595 148
' 143

80 71,0l 21,00 7,96 589 L8 150
143

81 69,21 23.00 7676 581 473 .
82 6714 25.00 7656 572 L83 149
' ' 143

83 65,60 27.00 735 560 Lo rnn
143

8h 63.84 29,00 7.6 519 495 e
. 143

85 62.05 31,00 6.9 539 L99 .
86 60.25 33.00 6.75 531 504 B
87 58,45 35,00 655 520 502 148
' 143
88 56,62 3704 6.35 512 501, s
, 143

54,85 39.00 6,15 520 190 143

90 53,05 111,00 5.95 527 368 143
91 51,25 L3,00 57 531, 3
92 holb 5,00 56 5 533 143




“Teble 1@}Comtinuﬁd
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CO}?TDO S jtiOﬂ in W Temp . G Temp R ’ OC
In Ag Liguidus . Inflections Halts
93 L7 .66 Ly .00 541 143
ol 145,86 49,00 518 143
95 Ly 06 51..00 - 552 3
96 L2,26 53,00 556 143
97 Lo L6 55,01 562 1k
98 38,67 57600 568 240
1h5?
143
99 36.87 52,00 573 24h2
145
1.00 35,07 61..00. 576 241
' 143
101 33.27 63,00 584 217,
. . 11;.3
102 3147 65,01 597 240
143
10 29,67 67 .00 611 210
143
104 27,8y 69,00 630 e
105 76,08 71,00 662 i



Fig. 22, 148°C Isothermal Section

64T
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The 1u8°C Isothermal Section

The section shown in Fig. 22 was constructed from experimental
data of the "Vertical Sections'" in Figs, 17,18,and 19, a knowledge of the
contiguous binary systems, some information obtained in previous work (71),
and application of the phase rule,

The 'Vertical Sections" show that the binary peritectic isotherm

-of 166°C of the system, Ag-In, terminates on the invariant plane at 148°¢C
(Tables 12,13,14). The horizontal lines or isotﬁerms of the "Vertical
Sections I, IT, III" Figs. 17, 18, and 19, represent cuts through the in-
variant plane in the three dimensional system; The invariant plane must be
bounded by straight lines, since in three dimensions it is bounded by ruled
surfaces,

It is known from the location and direction of the ternary troughs
(71) that a peritectic type of equilibrium is involved at the 148°C invariant

A plane. The composition of the four phases at 148°C will determine the four
apices of the invariant plane. Which four phases are involved in the equili-
brium and their approximate composition, were deduced as follows: In the
binary system, Ag-In, Fig. 2, the equilibrium phases of the peritectic reac-
fion at 166°C are the two solid phases € and # and the liquid of 95,5 per
cent indium. The same three phases must be involved in the four-phase
equilibrium at 148°C (the invariant plane) in the ternary system, since this
binary peritectic terminates on the\invariant:planeo It will be noiedlthat
in the binary system (Al-In) Fig. 4 nearly pure aluminium (0 phase as it is

éalled in the ternary ) is in equilibrium with nearly pure liquid indium
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(less than 1% A1) at 16600, The composition of the liquid ét 148°C in the

. ternafy system (equilibrium phase at the invariant plane) was found by chemn-
iecal analysis of five different alloys with an overall composition within
the area of the invariant plans -

OVERALL COMP.

% Ag % AL In

10,00 20,00 39.99
59,99 10,00 10,00
30,00 20,00 50.00
29,99 10,00 60,00
20,00 60,00 20,00

Tﬁe average composition of the liquid present in these alloys at 15060

was 89% In, 5% Ag, 6} Al, The error is probably + 2% in indium and the

same in alumiﬁium (obtained by subtraction), and negligible in silver. The
alloys were first anncaled at 135OC for three weeks and then heated %o 15000
and ke?t at this temperature for approximately an hour; little droplets of
1iqﬁid alloy wore seen to ooze out of the alloy after it was heated to this
‘temperatufea The droplets of liguid solidified to gloﬁules of alloy high

in indium after the alloy was cocled to room temperature, These globules of

described under "Experimental Technigues', Assuming that the difference in
composition of the liguid at 15OOC and 148°C is not great, the analysis

gave the composition of the liquid in equilibrium with the three solid phases
O, € , and ¢ at the invayiantvplane in Fig. 22, It is known from the binary
' phase diagram, In-Al, (Fige 4 ,) . that the o phase (or nearly pure

aluninium) cen be in equilibrium with a liquid of high indium concentration
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and that no intermediate phases exist at 148°C, It follows that in the
ternary system at this temperature the liquid high in indium (89% In) is
also in equilibrium with the o phase. The four equilibriuﬁ phases at 148°¢
are & , ¢, 0 and liquid of the given composition., Neither silver nor ine
dium dissolve in solid aluminium at 148°Q to an appreciable extent, (less
than one percent) as can be seen from the appropriste binary systems
Figs. 6 and 4, Therefore, in the ternary system the ¢ phase will alsco be'
nearly pure aluminium and two corners of the invariant plane are fixed,
The & -phase has a composition range of two percent in the binary system
Age=In. This field of homogeneity in the binary system would be expected
to extend somewhat into the ternary system, iIn this cannection_two CoNn=
ditions must be imposed. Firstly, the 148°C isotherms of the "Vertical
Sections II and III" (Figse 18, and 19), when transferred to the isothermal

section should fall within the area of the invariant plane. Secondly, to be

thermodynamically sound, the boundaries of the single-phass region (where they

meet_tﬁe invariant plane) when extended, must both lie within or outside
the invariant area bul one cannot extend inte the invariant area and the
other Ee outside of it (4,5). For the sake of brevity, this will be ealled
" the "principle of extension'. Bearing these points in mind, I have drawn
the isothermal plane as shown in Fig. 22,

The composition of the $-phase in the ternary system was not
established. Since the f-phase has a composition range of less than two
per cent in the binary system, it ié reasonable to assume that the ¢-phase
field would extend very little into the ternary system. In support of this

assumption, two points can be made: Both the @-phase and indium have tetra=-
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gonal structures, solid indium does not dissolve aluminium at ihBOC,
and the isothermal plane at 14300 (sutectic) abutts the binary Ag-In.
The indications are that the ternary compoéitien of fhe f-phase (at
148°C) 1ies very near the edge of the invariant plane,
The equilibrium of the invariant plane is.as follows

L+ € &> o+ @. This is the type of reaction called by Zernike (70)
"the peritectic of the second kind". Slightly above 148°C, an isothermal
section weuld show two triangular regions with phases L + € + ¢ and
‘L + € + g. Slightly below the temperature of the invariant plane an
isothermal section would show two triangular regions with the phases
E+P+oamd L +0 + o0, respectively, depending on the overall com-

position of the alloy.
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The 14300 Isothermal Section

This section is shown in Fig. 23. The invariant plane has its
apices at the three sblid phases 0, ¢ and In. The transformation at this
- temperature is of thé ternary eutectic type: Lz==¢ + o + In. The com-
position of the liduid in eéuilibrium with the three solids was estimated
(from the intersection of the ternary troughs (71 ) to be 95% In, L% Ag,‘

% Al. Due to the very narrow range of homogeneity of the phase "1 the
two phase field (¢ + o) is not shown in this section, The'threewphase
field (€ + o + #) zdjoining the invariant plane represents a limiting
case.

Since the 1qcation of the phase boundaries is not expscted to change
noticeably in the temperature interval of 500 this isothermal section is

. On s ) .
the same in other respscts as the 148 C isothermal section.




TABLET%.

X~RAY DIFFRACTION DATA OF OBINATA AND EAGIYA (45)

FOR Agqtl ()

’ .2 ‘ |
w° sin® 0 519—59 a(R)y a () a=(f) e hk.1 arxx (Hexa) (R)
' h cal, cubic cubic phase phase
Ve Str. 9  0.112  0,0124k 2.30 3,990 2.3k 111
Vo Stre 10 0.125  0,01250 2,18 | 10.1 2.19
Stra 11 0,137 0.012L5 2,08 4,165 2,03 200
m W 0,175 0.01250 1,84 4,121 1.81 210
3 17 0,210 0,01235 1.682 , 10,2 7 1.697
Stro 18 0.225  0,01250 1.625 3,981 - 1.6 211 . |
Str. 20 0.250  0.01250 1,542 00,3 1.551
V. Str. 26 0,326 0,01254 1,350  4.050 1,350 300 -
V. Str. 29  0.364 - 0.01255 1.278  4.,0L1 1.281 310 -
k 30 0,375  0.01250 1.259 20,0 1.201
35  0.436  0,012L6 1,167 4,08 - 1,169 222
36 0.450  0.01250 1,149 00.4 1.163
37 0,462 0.012k9 1,134
38 0.472  0,01253 - 1,122 4,046 1,124 320
51 0.507  0.01237 1,083 4,051 1.083 321
43 0.535  0.012Li 1.054 11.3 1,052
L5 - 0,561  0.01247 1.029 4,117 1.014 % 0.0
b9 0.607  0,01239 0,990 4,080 ~ 0.983 L 10
50  0.62C  0,01240 0.979 20.3 0.969
53 0.65¢  0,01238 0.952. 14,038 0.955 411
54 0,667  0.01235 0.4k . 21,0 0.938
56 0.69%  0,01239 0,925  4.034 . 0.929 331 .
57 0,70k 0.01236 0,919 . 21,1 0,919
9  0.730  0,01237 0,902 = 1,035 0,906 b 20
61 0,754  0,01236 0.888 114 0,903
62 0,765  0,01234 0,881 14,039 0.884 L 21

98T




Table 15 Continued

; o
2 .2 §1n2 ) w« /Oy 2 (®) @ (&) w1 hk.1 &% (Hexas (R)
I h sin” € a* (4) Y ‘ . v .
: 2 cal., cubic cubic phase phase
h ,
Str. 6 0,789 0,01233 0,868 21,2 0.870
w 65 0,805 0.01239 0,859 4.030 0.864 332
Str. 66  0.820 0.01242 0,851 204 0.8L9
W 68  0.842 0,01238 0,840
LW 69 0.857 0.,01242  0.833 4,080 0.827 L22
Stra. 70 0.869 0,01241 ° 0.827 0.0 0,827
W 72 0,891 0,01238 0,817 30,1 0,814
Str. 74 0.915 0.01236 0.806 L4.030 0,810 500 21.3 0,803
a = 6,91 A + 0,026
* Calculated using sin™ @
¥k Caleulated using a = 4,051
0
#k% Caleulated using a = 2.865 A
Cc = L!’o653 (66)0

LT
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The [L ~Phase and the q'-Phase in the Ternary Systenm

The crystal structure of the phase ”fL” in the binary system,
Ag-Al, at the composition Ag3A1 was investigeted by Westgren and Bradley
-(63) and by others (36,45,65)§it was found to be cubic of the B-mangansse
'typep with a cell edge of 6,916 X (65). On the left-hand side of Table
15 he xwray diffraction data of Obinata and Hagiya (45) are reproduced

for the alloy‘AgBAlgv(FL)e On the right hand side two sets of d-values

are calculaied and compared with those of Obinate and Hagiya (45). One
set of d;value and the correspondi (hk“) indices are for the cubic
primitive with cell edge a = 40051 X and the other sét of d-values and
their corresponding (hk.l) indices ars for the hexagon 2l {~phase of the
system Ag-Al, with cell edges a = 20865 A,vcrz L6653 X (66)., Tt should be
noted that the above cell edges apply to 200 °C and the agreement between
the calculated d values for the hexagonal phase and the observed d-values
of\Obinata and Hagiya is thersfore not as good as it could be if the cellA
edges that fiﬁ best the experimentzsl data had been used %o calcgléte the
d-values. Under "a Calc." in Table 15;3 cubic cell edgaﬁasbeeﬁ calculated
for 21l lines indexed as éuozc, in order to show that a reasonably constant
cubic cell edge value is indeed obtained from such lines.

It is well known that solid state transformations are slow énd

usually: :mcomplete0 The phase in question (fL) is formed by a pe flLeCLOLJ

solid state reaction at 448°C (33). It is in such cases possible to have

two phases present where one phase should be gent at equilibriuvm. In
P I ne y pre

this case, the diffraction data of Table 15 ave for the composition AQBAI
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(7.98% A1), and since the field of the JI ~phase is much narrower near the

transformation tempsrature thaen at lower tempsratures, this alloy consists
ofgﬁrquﬂﬂe above bhe transformation temperalturs, but at room temperature
this alloy should be ;prhasev as can be seen from the binary phase
diagram of Fig. 6, If the transformation to the equilibrium phase "[L"
at room temperaturs is not complete, then the alloy remains heterogeneous,
consisting of (L g ) pheses. (The B-phase is not retained at room
temperature.) Based on this reasoning the- diffraction deta of Obinata
SAW was heterogensocus,

N

When this is done bh“ lines of the cubic fo431u can ve

and Hagiya (45) wereindexed as if the alloy Ag

ndexaed on a

',._'-

smaller cell edge than previously vize H.051 Ag This cell edge is very

Q

nesr that for the silver 1 d solution at the phase boundary vize

14,0587 (at 200 °C) as given by Ageew end Shoyket (43). Using this eell

edge and those for the hexagonsl phase, d-values are calculated and are

given in columns d%*% and d*** respectively., A comparison with the d-values

in column d* which are the velues of Obinata and Haglya (b5) (they were

calceulated from sin 9) shows that the observed d-values can 21l be reproduced .
(except for two weak lines) reasonably well by assuming th the alloy con-
sists of the hexa gouow phase C and a cuble primitive phase having a cell

‘ 0

edge of 4,051 A, It is not merely coincidence, I think, that the agrsement
is 80 good. The suggestion presents itself that a situation exists in the
systen AgmA] similar to thalt in the system Ag-ln, n'lely? the & phase is

related to the terminsl o-phase in the same way that the a'-phass 15 re-

lated to ths terminal a-phase in the system Ag-In.
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- In this case, the homogeneous fields of the [L -phase and the

e
a'-phase in the respective binary systems would in @ll probability be
joined in the ternary system as showm in the "Isothermal Sections". If

the two phases have indeed the same crystal structure, they would have
T o

very similar cell edges, viz. a = B Q14 A for a' and a = 4,051 A for (L ;

it would be expected that Al and In atoms are interchangesble in the two

structures and this would result in a homogeneous field in the ternary

systens To prove this point conclusively further work is required.



191

Other Aspects of the Ternary System

The two peritectic reaction-isotherms of 78000 and.69500 in
the, Ag-Al, and Ag.-In, systems respectively form‘a connecting reaction
plane through the ternary system« This is evident from "Vertical Section
I Fige 1’7.i Similarly, the 610°C peritectoid isovthermn of the bihary AguAl,
and the 670°C peritectoid isofherm of the Ag-In binary, form a connscting
reaction plane through' the ternary; and the 7270C isotherm of the bihary
Ag~Al and the 660°C isotherm of the binary Ag-In are similarly comnected.
This is agaein evident from Fig, 17. Thus the high temperature B-phase
(bodycentred cubie) which'exists in the binary systems Ag-In and Ag-Al
respectively forns a comnecting ﬁomageneous volume through the ternary
system. This i1s not surprising, since the Bephases of the two binary
systems have the same crystal‘structure and the cell edges are comparable.

Vize

e O

at 688°C a = 3.3682 (67) for B (Lg-In) i.e. AgBIn

)

at 700°C 2 = 3.3002 & (12) for 3 (Ag-Al) i.e. Ag,Al.

This means that the In and Al atoms are interchangesbls on the lattice

4. ]

sites of the bodycentred cubic structure.
sy . - 0 .
The three-phase equilibrium of the binery Ag-Al at 566 C (euicctic)

. . . . o .
terminates in the ternary on an invariant plane at 506 C, ("Vertical

SectionTI", Fig. 18.). From "Vertical Section III'" Fig. 19, it appears

. . - . o .
thet an Invarient plane also exists at 201°C, The binary three~phase
equilibriwm in the system Ag.In at 205 C.probably terminates on this ine

varient plane.
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Summary

A number of alloys strategically placed in composition in the
ternary system were examined under the microscope. From these cbservations,
the known contiguous binary systems, and application of the phase mle,
a room temperature lsothermal section was constructed. Three vertical
sections through the ternary system were partially constructed from dif-
ferential thermal analysis data. These data show that invariant planes
oceur in the system at 1&300, at 14800, 241°%C and 506°C. Isothermal
sactions were alsoc constructed at 1&300 and 128°C respectively, with the
information obtained from the vertical sections and the room temperature
isothermal section. The transformation at the 143°C invariant plane is a
térnary'eutectic, at 148°C a ternary peritectic of the second kind, and
the other transformations at 241°C and 506°C are 2lso ternary peritectics.

Some evidence indicates that the lL-aphase‘of the binary system,
Ag-Al, is a primitive cubie phase with a much smaller cell edge (4.051 X)
thaﬁ previously fcﬁnd. No conclusive evidence could be obtained.

The high-temperature reaction isotherms of the binary systems
Ag-In and Ag-Al, do not terminatevon invariant planes, but form a -
connecting three-phasse system, | |

The high-temperature B-phase of the 5inaries. Ag-Al, and Ag-In,
form a connecting single-phase region in the ternary system. The conclu-

sion is reached that Al and In atoms are interchangeable in the B-phases of
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the two binary systems, Some evidence indicates that the g -phase of the
Ag-h)l system and the y-phase of the Ag-Tn system also link up through the

ternary system forming a single-phase region.
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