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THERICDYRAMIC ARALYBIS OF DILUTE TERKARY SYSTEMS
I. The Ag-Au-8n System

P. J. 8pencer and M. J. Pool®

ABSTRACT

The heats of solution of silver and gold in dilute Ag-Au-Sm alloys bave
been determiped as & function of alloy cmoai‘zcion using liquid mztal solution
calorimetry. From the values obtained, the various ‘entha.lpy interaction para-
meters in the liquid solutions have been calculatsd. The results are mter-‘
proted in terms of the probable bonding changes taking place betwesen ailver,

gold and tin atoms.

IRTRCDUCTION

Addition of a sécmd solute to a dilute bipary alloy may cause striking
changes in the thermodynamic characteristics of the alloy. As yet, such
influences cannot be reliably predicted and it is only by accumulation and
critich agseasment of data that definite patterns can be establighed.
Solute interactions in dilute solutions vere first treated mathemstically Y

(1)

by Wagper' ~‘, vho derived expressions for the Gibbs energy interaction coeffi-
cients. For an alloy consisting of tvo dilute solutes, i1 and j, in a solvent s,

these coefficients are given by:

® 1n 8 ln u,
i "(‘Fx‘u) wd o - ("&J" - ),
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vho.re ¥4 is the activity coefficient of ccnponent; i and x represents the eole

i
‘ 1

fraction of solute or solvent.

Other interaction coefficients have since be’en established in terms of
the various pari:ial molar thermodynemic properties of an alloy; the defini-
tions of these are sumarized in a recent paper by lupils and xmm.t.(‘?)

Mathmti‘cn.l and experimental studies of such coefficients have received
‘much attention mcently,(z'?) providing a very useful theoretical background
to an underst&n(;.ing of the nature- of solute interactionsz taking place in
dilute solutions. One of the dafinitions to arise from such work has been

the extension of Hagner'’s treatment by Lupis end El.liott(u) to includs an

enthalpy interaction coefficient, defined as:
85, .
“i " Bx (2)
J X1

vhere AH; is the relative partial molar enthalpy of camponent i.

}' BH; 1a related to the relative partial molar enthalpy at infinite dilutiom,
8H], and to the enthalpy interaction coefficlents by the expression:

t — —

AninAH{+x1qi+::qui+ ‘ (3)

¥alues of &H, can often be determined with a high degree of accuracy by

,’cé.lorine'try and equation (2) thus enebles, relisble enthalpy mtemction‘,costﬁ-
c'ii.e'nta to be ca.lculat‘ed. Partial heats o:f; solution must be investigated as e
'f‘liuicﬁan ‘of solute concentrations dovn to x4=0 and since y values are obtained
firom the slope of 8H, plotted against x, great care must be taken to obtain
precise data. The datla for binary systems wvhich are presently aveileble often

require extrepolation of Eﬁi values from compositicus &s great as x4 = 0.05 or

even 0.1 to obtain limiting heats of solution: Reliable enthalpy interaction




o further discussion here.

coefficients are thus impossibles to obtain for most of the alloy systams already
investigated. '

The aim of the pressent vork vas to detsermine velues of § for the relative-
ly simpls Ag-Au-8n oystem end from these results to galn sces insight into the
poanlibls influence of a second solute upon the alloying chezracterietics of a
dilute binary elloy. It vas hoped to express observed behavior in temas of

bonding changes teking place between the cosponent atoxs of the alloy.

EXPERIMERTAL

The liquid mstel solution celorimeter used in this research has been
described elnewhareqe) and only a very brief oumm of its comstruction and
operation will therefore be given here.

The calorimeter consists essentially of & liquid tin or alloy bath used
as the solvent and maintained et & constant temperature, to within ¥ 1/4°C,
inside an e;fa.cunted isothermal jacket. The solution of a specimen in the bath
is accompanied either by liberation or sbsorption of heat and the resulting
temperature change is detected by a multi-junction thermopilas ;umMng the
bath. The output from this 18 connected differentislly with that from an
identical thermopile vhich surrounds a 'pessive' calorimeter well under identi-
cal envirommental conditions. 'The resulting e.m.f. is amplified snd fed into
2 chart recordsr; the temperature change accompanying the solution process is
thus sutozatically recorded in graphicel form. The method of_obtainimqhea‘c

of soluticn valusg from such a plot has been édescribed frequently and needs

Por each series of experimental drops, a solvent bath coneisting of

epproximately 80 g=s of 99.99% pure tin vwas carefully vweighed and inserted in




the calorimeter. The sppropriate smount of either 99.999% pure Au or Ag
(supplied by A. D. Mackey Inc.) was then sdded inl order to obtain an alloy af
the' desired composition. The bath was stirred contisuously throughout the .
experiments in order to ensure complete homogeneity of the alloys. When the
heat of solution of Au in the bvath vas being investigated, specimens equivalent
to about .0025 mole were weighed out; for Ag spproximstely .00125 mole addi-
tions were used. The calorimeter heat capacity vas determined throushogt using
tin or tungsten calibration samples.

The hente’ of solution of Au and Ag in pure tin. vere first determined
separately as a function of thelr concentration in order to obtain the
gelf- intemction parameters un and nﬁ Alloys containing betveen O and 0.0
Bole fraction of either Ag or Au were then used as the solvent bath and values
of either AK (z) or &H Al £) vere obtelped as before The compogsition of the
bath was kept comstant at the desired Au or Ag concentration (to vithin .0003
mole fraction) by making calculated additions of the appropriate eolute
thmughout the experiment. Heat of aolution va.lues were calculated using the
beet content data of Hultgren et al. 9) and3 e eomcticm for the heat of

|
maion of Au or Ag at the experinental temperature vas made.

FESULTS ARD DISCUSSION

Bin;ar,y Au-8n Alloys |

'1 ;hcperimntal values for the heat of solutiom of gold in liquid tin as a
function of gold concentration are given in Table 1 and are plotted graphically
in Figure 1. The value ofAH u(s) at 723°K is obteined as -8075 cal/g-stcm,

vhich is somevhat more exothermic than the value of -7970 cal/g.-atm'given by




Hultgren's standard data. Between O and 0.05 mole fraction Au the varistion
of the heat of solution with increasing gold concentretiom wvaps found by & leest

squares analysis to follow the linear relation:
AHA'“(‘) = 8075 + 2413 Xy (&)

Rxperimental points deviate on the average by less than I 25 cals/g.-atam
froam the straight line.

® 26
The eelf interaction paremster, nﬁ: =<——A“- , is thus obtaired as

& x
A xgy=1)
2413 cal./g.-atom end this can be compared vith the value of 1125 cel./g.-atam

(10) _Au
. 1"llu

increasing temperatwre. Recent vork by Jena and leach

at 703°K, determined by Orr. thus appears to beccme more positive vith

(1) betwean SK8°K and
T23°K also confirms this tremd, but since their investigation was concerned vith
the entire composition range of the Au-Sn system, no measurements vere made of
8H, for alloys between x, =0 snd x, =0.1. Thus, the exact slope of E}m(x) vs
X cannot be accurately obtained fram their data.

The randcm solution model predicts a value of q::: vhich is given by
- —;u( 8) and using the results obtained in the present vork this yields a
self-interaction parameter of 16,150 cal./s.atoa. The experimsntal value is thus
very much less than the theoretical, although the observed general trend of an
increase 1in qﬁ:: vith temperature would be expected if the reasonable assuzmption
is made that the liquici alloy more closely approximates a random solution with

increase in temperature.
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'Ihe results show that QA remains constant up to aebout 0.05 mole fraction
Au, nt‘ber vhich AH Au(8) becmes increasingly more ?ndothamic. It would seem
that beyund this ccnpoaition, thc 1n1t1al strong atémctiou belwveen gold and
tin atom (alwvn by the mlstively large limiting heat of solution) is tempered

scmevhat by an 1ncree.se 1n Au-4Au atomic i.ntemctiona

Binary Ag-So- Alloys

The dsta obteined for these aelloys- are listadf‘ix;; Table 1 and inustmt?ed
in P‘lgum 2. The heat of nolu"tion of silver-in liquid: tin 18 endothermic and
& value of AH? aa(2) °F 967 cal. /g.-atou vas obtained. Betveen x, =0 and 0.035,

Ag
the results can be represented by the linear equation:

A—E-Ag(l) = 967-6322 XAG ' (5)

The average- deviation of experimental points from the straight line is
¥ 34 cals./g.-atam.

The present data shov excellent agreement with previous work by Pbol(a)
and b; Orieni and Wurphy'‘2) both 1n the limiting value of the heat of soluticn
and i.n the camposition depend.enee of &H ra(s) The experimantal va.lm of

l
A'g at 723K 18 -6322 ca.l /g.-atca, vhila the ra.ndom solution mogdel, ymen

g ©
c@ipad with the present data, predicts a figum of -1934 cal./g.-etom.

The present results are ;;Jntted in Figure 3, together vith those of Pt;ol(s)
at 6557, 700°K and T50°K and of Oriani and Murphy'2) at 723°K. e data
iiluétrate the variation of "JA\‘; wvith temperature snd compare thege data with the
predictions of the random solution model. It can be seen that, as in the case of
the Au-8n alloys, the higher the temperature the more closely does the value of

the self-interaction parameter approach random solution behavior. It should be




pointed out, however, that the values of n:g as given by Oriani and Murphy's
data at 57T9°K and 915°K result in greater divergence of their results frem
rendom solution dehavior vith increasing temperature. Such a trend is somsvhat
surprising.

The endothermic value for E‘.\E(-‘) suggests that there is scme repulsion
between Bilver and tin atoms on introduction of the solute, but the repulsive

Ag-8n forces are reduced as the sllver concentration increases.

Ternary Ag-~Au-Sn Alloys
Bubsequent to investigations of the dilute binsry alloys discussed sbove,

furtber meesurements vere mede at T23°K of a_am( 4) 17 Ag-Au-8z alloys of
constent silver concentraticn and of EEAS( 4) 1o ternary alloys of comstent
gold concentretion. The results are swsmmrized in Table 2. Particular atten-
tion was given to alloys containing 0.0k mole frection &u or Ag rwspsctively so
that the values of qﬁﬁ and qﬁ: might be well-establiahed over the renge froa
0 to 0.0k mole fraction where no deviation froam linearity of tha A values vas
anticipated. Further, a direct camparison with the equivalent dsts of Orr at
703K could then be made.

It vas found that the heat of solution of gold in a 0.0% mole fractiom Ag-Sn

alloy could be expressed by the relationship:
BHpu(s) = B161 + 2Wh3 x, (0 to 0.05 mole fraction Au) (6)

The average deviastion of experimental poirts from the straight line is

-1 16 cals/mole.

The data are plotted in Figure 1l vhere it can be seen that the limiting

heat of solution is slightly more exothermic than in binary Au-Sn alloys, although




the value of §h. at 2443 cal/g-atom 18 identical to the bifary result within
the.éxperimntal limits. This behavior agrees well with Orr's observations

at %be lowver temperature. The presence of silver atoms in tkhe liquid alloys

thus eppsars to have very little influence on the nature of the atomic inter-
actions in the.gold-tin system apart from causing a siell increase in heat of solu-

tion values.
A‘H’Auu) ves also determined in alloys containins 0.01, 0.02 and 0.03 mole
fraction ‘Ag, but fewver gold drops were made ai: these inteimediaote sﬁnr
concentrations since 1\:3 had already been found to have the same value in both
0 and 0.0% mole fraction Ag alloys. While Eﬁ;u“) is therefore not 5o accurately
establishad, it can be seen from Figure L that the fev drops which vere mds in
each case neverthsless psrmitted calculation of limiting heat of solutiom velues
vhich lie on & good straight line plot between O and 0.0k mole fractiocn Ag. The
slope of this line gives a value for nﬁﬁ of -2650 cal/g.-atca at 723°K compared
vith Orr's value of -2000 cal/g.-atcm at 703°K. The theoretical velue for
qﬁﬁ based on a modified quasi-chemical solution mdal(l3) and using the present
data is 2448 cal/g.-atcm, so that the experi..menul results and eolution model

1

theory differ in sign.
, .
Values for the heat of solution of silver in a 0.04 mole frectiom Au-Sn alloy

sgain shov a linear dependence of EAG with composition batween O and 0.035 mole

fraction Ag as shown in Pigure 5. A least squares treatment gives the

expression:

Bpg(g)™ HH-0883 x (7)




The average deviation of experimental points from the straight line is
t 3 cals/g.-atm.

The limiting heat of solution of eilver is thus almost identical to that
obtained for the binary Ag-Bn alloys, tut the slope of‘ﬁk va x, 1a steeper
in this case, giving a value of -8883 cal/g.-atom for nﬁg. The presence of Au
atoms in the solution results in more exothermic valuss of EM at given Ag
concentrations than those observed in bivary silver-tin alloys. Tis would
bs expected from the exothermic nature of Au-Ag mtemctions.(9) Since E;&U)
in the binary Ag-Sn and ternary 0.0% mole fraction Au-Ag-8n alloys has the same
value, qz is obtained as zerc vithin experimental limits. From the Maxwell-type
relationships vhich can be applied to partial mwlar properties it is found that
qﬁﬂ should be equal to q‘:‘:. The present experimental data do not therefore

conform to the predictions of theory. Heasurements vere made of El;Ag ) in &

(s
0.02 mole fraction Au-8n alloy in an attempt to confirm the constancy of 1its
limiting value in the yinary and ternary alloys. Vhile fewer silver drops vere
mede in this case and E;G(‘) must be regarded as somevhat less accurate, its
value at epproximately 940 cals/g.-atcm still lies vithin experimental limits

from the other two limiting values.

CORCLIUB ICRB

The present results indicate two different ways in vhich a gecond solute
can affec£ the thermodynemic characteristics of a dilute binary alloy.

a) The presence of 0.04 mole fraction Ag in dilute Au-Sn alloys results in

more exothermic values of EA\;( s) at given Au concentraticons but does not change

the self-interaction paramater, qﬁ.




b) Tee presence of 0.04 mole fraction Au in dilute Ag-8n alloys changes
the self-interaction paru;aeter 'q:: but does not change the limiting heat of
salution, A"n';e( 2"

¥hen the present data are cambined with results obtalned by other vorkers
at different temperatures, it is found that dilute bimary Au-8n and Ag-8a alloys
tend to spproach theoretical random solution behavior with increase in tempers-

ture.
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TABLE 1.

Pe.rtia.l Heate of Bolution of Au and Ag in Au-8a and
Ag-an Alloys at T23°K

Binary Ag-82 Alloys

B Ap-82

X &My (4 X
&VB. cu 7;"3“ Eﬁ;_
<002k -8099 .0012
‘@6 -8060 va‘
ow —8050 om53
.0156 -8017 ' .00m
.0188 -8069 .0107
0222 - -7969 .0126
0255 - -8029 .0161
.0289 -8021 0181
.0326 -T972 0215
L0364 -T95% .0233
.0ha3 -T9RS5 0254
L0839 - -8031 L0272
'm '79’7 ! ome'r
.0520 7959 O35
.0583 -T691 035k
0622 -89 .038h
0660 -T855 .0k00
’w 'm .05‘18
! : ~O437
Cl5%
g L0473
' O3
i .0505
.0519
| 0533
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TABLE 2.

Partial Heats of Bolution of Au and Ag in Ag-Au-8n

Ternary Ag-Aw-Sn Alloys
e Za Bau(s)
avg, &avg. cal./g-atoa
'.0099 .0018 -8128
0099 .0052 -81k4
. m . m ‘81%
» m [ 012 3 - Blm
0009 .0158 -8012
3 w .01.89 -81"'6
.0200 .0018 -809%
. m . wsz - 813“
.0300 .0018 -8133
0300 . 0018 -81&
T e O3m 3 w50 -81-61
.0300 ,0053 -B8135
0300 . m '8118
° 03w [ ] m “Blw
.0399 .0053 -81%1
° 03” . m—, - 81%
0399 0159 -81kh
. 03” . 01.82 - 8177
. 03” . &ls "8139
° 03” . 04 53 '8132
o 03” o m83 - 806 5
0399 .0308 -8103
0399 .0365 -8081
.0399 .0397 -8079
0399 . -8067
3 03” . 051.1 "m
0399 .0skk -8080
.0399 .0585 -7938

Alloys at T23°K

13

Ternary Ag-Au-Sp Alloys

Xau

avs *

.0199
.0199
.0199
.0199
.0199

.0399
.0399
.0399

.0399
.0399

.0399
.0399
.0399
.0399
.0399
.0399
.0399
.0399
.0399
.0399
+0399
.0399
.0399

.0399

.0399
.0399

.0399
.0399

0399
0399
0399
0399
.0399
.0399
.0399

1

0399
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