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Abstrac t  

The enthalpy of formation h f of Au-Pb alloys was measured at 695, 871 and 1123 K 
by direct reaction calorimetry (drop method) with the help of a high temperature Calvet 
calorimeter. The measurements led to the following equations: h f (kJ mol-1) =xAu(1 -x^~)  
(-12.2686+8.1423xA~) at 695 K; h f (kJ mol-1)=xAu(1--x^~) (--6.1750+3.4653xA~) 
at 871 K; h t (kJ mol-])  =XA~(1 --X^~) (--4.4416+5.6702X^~) at 1123 K. We also obtained 
the boundary of the liquid+Au(s) region from the breaks in the hf(X^u) curves. From 
our enthalpic data and those of the literature for the free enthalpy of formation we 
calculated at 695, 871 and 1123 K the mole fractions corresponding to the gold-rich 
liquidus were in good agreement with our experimental values. Our investigation allows 
us to state definitely that the enthalpy of formation depends strongly on the temperature. 
The positive excess heat capacity suggests accentuated short-range order in the melts 
which has to be investigated with reference to associated models. 

1. I n t r o d u c t i o n  

The en tha lpy  of  f o r m a t i o n  h f o f  A u - P b  liquid al loys was  de t e rmined  b y  
ca lo r ime t ry  by  K l eppa  a t  623  and  723 K [1] and  by  Bdja [2] at  823  and  
923 K. H a g e r  and  W a l k e r  a t  1200  K [3], K a m e d a  et  al .  at  1223 K [4] and  
K leppa  a t  873  K [5] a lso  der ived  the  en tha lpy  of  mixing  f rom thei r  e.m.f.  
m e a s u r e m e n t s .  The  t r ends  of  the  en tha lpy  of  mix ing  of  the  A u - P b  mel t s  as  
a func t ion  of  c o m p o s i t i o n  are  s h o w n  in Fig. 1. h* a p p e a r s  to  be  s t rongly  
t e m p e r a t u r e  dependen t .  Moreover ,  a f te r  K leppa  at  873  K and  Hul tg ren  e t  
al . ,  the  en tha lpy  o f  m i x i ng  c h a n g e s  s ign with  r e s p e c t  to  c o m p o s i t i o n  but  in 
the  oppos i t e  manne r .  Thus  it is obv ious  tha t  the  t e m p e r a t u r e  and  c o m p o s i t i o n  
d e p e n d e n c e s  of  the  en tha lpy  of  mix ing  are  no t  ye t  well  es tabl ished.  In con t r a s t  
the  f ree  en tha lpy  o f  f o r m a t i o n  o f  the  mel t s  is well  known,  s ince the  da ta  
o f  H a g e r  and  W a l k e r  [3] and  of  Reboui l lon  [6] at  1200 K are  in g o o d  
a g r e e m e n t  (Fig. 2). 

In the i r  cri t ical  a s s e s s m e n t ,  O k a m o t o  and  Massa lsk i  [7] cons ide red  two  
m o d e l s  for  the i r  p h a s e  d i a g r a m  evaluat ion:  the  first  wi th  t e m p e r a t u r e - d e p e n d e n t  
h e va lues  ve ry  c lose  to  tha t  s e l ec t ed  b y  Hul tg ren  et  a l .  at  1200 K [8] and  
the  s e c o n d  wi th  t e m p e r a t u r e - i n d e p e n d e n t  va lues  ve ry  c lose  to  tha t  o f  Hu l tg ren  
e t  al .  fo r  xAu> 0.7 and  c lose  to  tha t  o f  K a m e d a  e t  a l .  for  x^u < 0.7. However ,  
th ings  are  no t  b e c o m i n g  c l ea re r  f r o m  the  po in t  o f  v iew of  h e s ince  the  p h a s e  
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Fig. 1. Mo la r  entha]py of  fo rmat ion  of  the Au -Pb  l iquid al loys w i th  reference to  both  l iquid 
components according to  the l i terature:  I I ,  af ter Kleppa, 723 K [1] ;  O, after B~ja, 823 K [2] ;  
e .  after B~ja, 923 K [2];  e ,  af ter  Kleppa, 873 K [5] ;  [7, af ter Hui tgren et a l . ,  1200 K [8].  
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Fig. 2. Molar free enthalpy of formation at 1200 K of the Au-Pb liquid alloys according to 
the literature: 0 ,  after Hultgren et al. [8]; A, after Hager and Walker [3]; O, after Rebouillon 
[6]. 

diagrams calculated according to these two situations are very close to each 
other and calculations did not allow Okamoto and Massalski to settle the 
question of temperature dependence of the enthalpy of mixing. 

Since available experimental results on the enthalpy of formation of  the 
liquid phase are conflicting and cannot be settled by phase diagram calculations, 
we carried out  calorimetric determinations of  the enthalpy of  mixing of  the 
Au-Pb liquid alloys with respect  to temperature and composition by direct 
reaction calorimetry. 
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2. Ca lor imetr i c  m e t h o d  

The apparatus employed was a high temperature Ca]vet calorimeter 
(T< 1400 K). The drop method used (direct reaction calorimetry) has already 
been described [9]. The entha]py of formation h f was deduced from the heat 
effects corresponding to successive additions of small quantities of gold 
(from about 20 to 200 mg according to the gold content) at To (near 298 
K) into an AuxPbl_x binary alloy placed in an Al20~ crucible at the bottom 
of the calorimetric cell at temperature T. Before the first addition of gold 
the melt was pure lead (about 800 mg). 

Thus the thermal effects correspond to the reaction 

nAu (c, 298 K) +mAu~Pbl_~ (l, T) > (n+m)AU~+d~Pbl-~-d~ (1, T) 

where c and 1 denote crystalline and liquid phase respectively. These effects 
lead to the integral enthalpy of formation of the melt with respect to 
composition. The enthalpy difference between two successive additions of 
gold allows us to determine a mean value of the partial enthalpy of gold in 
the liquid referred to the averaged composition. 

The pure metals used were purchased from Koch-Light with metallic 
impurities less than 10 -3 mass% . The calibration of the calorimeter was 
performed by adding small quantities of pure lead (c, 298 K) into pure lead 
(1, T). The enthalpy change of lead was taken from ref. 10. The calibration 
data were controlled by adding some small pieces of a-A1203 whose enthalpy 
change from To to T is well known [11 ]. 

The enthalpy of formation of liquid Au-Pb alloys was determined at 
three temperatures between the melting points of lead and gold (695, 871 
and 1123 K). The breaks in the integral enthalpy of mixing curve with respect 
to composition allowed us to determine the liquidus mole fractions at the 
temperatures investigated. 

3. Re su l t s  

Figure 3 shows the molar integral enthalpy of formation of the melt at 
695 K with reference to the pure liquid components. The corresponding 
data given in Table 1 lead to the following equation: 

h f (kJ mol - i) = XAu(1 -- XAu)( -- 12.2686 + 8.1423XAu) 

The break at XAu=0.47 corresponds to the l i qu id ( l iqu id+pure  solid 
Au) boundary (the extrapolation up to XAu = 1 of the straight line for XAu > 0.47 
leads to the enthalpy of crystallization of gold). The phase boundary was 
determined as the intersection between the extrapolations of the linear 
dependence in the two-phase region and the enthalpy of the liquid single 
phase. The smooth variation near the liquidus (instead of an angular break) 
was already observed in the case of Ag-Te alloys [12]. 

The integral enthalpy of mixing is negative in the whole range of 
concentrations with a minimum of h ~ = - 2 . 1 6  kJ mo1-1 at XA~=0.39 
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Fig. 3. Molar enthalpy of formation of the Au-Pb alloys at 695 K (this work) referred to both 
liquid components. The two symbols refer to independent sets of measurements. The break 
corresponds to the liquid-[liquid÷Au(s)] boundary. 

TABLE 1 

Molar integral enthalpy of formation h f of the Au-Pb alloys at 695 K referred to both pure 
liquid components with respect to gold mole fraction x ~  

x^u h r (J tool -1) 

1 a 2 1 2 

0.018 0.088 - 2 9 0  - 9 4 5  
0.069 0.227 - 8 9 1  - 1 6 2 9  
0.132 0.349 - 1 4 0 7  - 1 8 8 7  
0.209 0.434 - 1 7 5 6  - 2 2 1 8  
0.265 0.509 - 1 8 9 4  - 3 3 4 0  
0.314 0.594 - 2 0 1 3  - 4 8 4 4  
0.367 0.652 - 2 0 7 4  - 6 0 1 3  
0.415 0.717 - 2 1 7 3  - 7301 
0.457 0.767 - 2 2 7 2  - 8 2 6 7  
0.502 0.805 - 2 8 2 9  - 8 9 9 8  

~Set of experimental results. 

o b t a i n e d  f r o m  e x t r a p o l a t i o n  a n d  c o r r e s p o n d i n g  t o  a m e t a s t a b l e  l iqu id .  T h e  
m o l a r  p a r t i a l  e n t h a l p y  o f  g o l d  in  t h e  a l l o y  i s  p l o t t e d  in  F ig .  4 w i t h  r e f e r e n c e  
t o  s o l i d  g o l d  a t  6 9 5  K. T h e  j u m p  a t  XAu = 0 . 4 7  c o r r e s p o n d s  t o  t h e  l i q u i d u s  
a t  6 9 5  K ( f o r  h i g h e r  v a l u e s  o f  g o l d  m o l a r  f r a c t i o n s ,  h e a t  e f f e c t s  d u e  t o  t h e  
d r o p s  o f  g o l d  c o r r e s p o n d  o n l y  t o  t h e  h e a t i n g  o f  t h e  s a m p l e s ) .  

T h e  r e s u l t s  o b t a i n e d  a t  871  K s h o w n  in F ig .  5 a r e  g i v e n  in  T a b l e  2. 
T h e y  c o r r e s p o n d  t o  t h e  f o l l o w i n g  e q u a t i o n :  

h f ( k J  m o l  - 1) = xAu(1 - x ~ ) (  - 6 . 1 7 5 0  + 3 .4653xAu)  
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Fig. 4. Partial molar enth~py of go](] in the Au-Pb alloys at 695 K (Otis work) referred to 
liquid gold. The jump corresponds to the liquJd-[]Jquid+Au(s)] boundary. 
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Fig. 5. Molar enthalpy of formation of the  A u - P b  alloys at  871 K (this work) referred to bo th  
liquid components .  The two symbols refer to independent  sets of measurements .  The break  
corresponds  to the l iquid-[ l iquid+Au(s) ]  boundary.  

As at  695 K the  m o l a r  in tegra l  en tha lpy  of  mix ing  is nega t ive  in the  
whole  r ange  of  concen t ra t ion .  The  m i n i m u m  lies in the  s table  liquid doma in  
( h ~  = - 1.16 kJ  mo l  - i at  XAu = 0 .35) .  The  l iquid- ( l iquid  + solid Au) b o u n d a r y  
c o r r e s p o n d s  to xAu=0 .63 .  

Final ly the  resu l t s  a t  1123 K are  p lo t t ed  in Fig. 6 and  g iven in Table  
3. At this  t e m p e r a t u r e  the  en tha lpy  c h a n g e s  s ign with  r e s p e c t  to the  mo le  
fract ion.  I t  is nega t ive  u p  to  XAu---- 0 .78  with a m i n i m u m  (h f =  - 0 .58 kJ  mol  - 1) 
a t  XAu=0.28 and  can  be  p lo t t ed  wi th  r e s p e c t  to  c o m p o s i t i o n  acco rd ing  to  
the  fol lowing equat ion:  

h f (kJ m o l  - 1) = XAu(1 -- XAu)( -- 4 .4416  + 5.6702XAu) 
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TABLE 2 

Molar integral enthalpy of formation h r of the Au-Pb  alloys at 871 K referred to both pure 
liquid components  with respect  to gold mole fraction x^u 

XAu h f (J mo1-1) 

1 a 2 1 2 

0.033 0.037 - 208 - 3 2 0  
0.080 0.110 - 4 4 5  - 6 6 1  
0.161 0.192 - 761 - 8 7 6  
0.226 0.279 - 8 4 7  - 1120 
0.270 0.376 - 908 - 1 1 5 6  
0.309 0.557 - 1 1 6 6  - 1048 
0.371 0.637 - 1 1 4 3  - 1 1 8 8  
0.428 0.722 - 1 1 4 9  - 3 3 6 6  
0.483 0.809 - 1 1 2 3  - 5 7 9 7  
0.540 - 1 1 0 1  
0.590 - 1 0 0 7  

aSet of experimental results. 
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Fig. 6. Molar enthalpy of formation of  the Au-Pb  liquid alloys at the three temperatures 
investigated with reference to both liquid components  (the experimental  data have been 
extrapolated on the gold-rich side): Q, 695 K; A, 871 K; B, 1123 K. 

4. D i s c u s s i o n  

Figure 6 shows the selected values for the single liquid phase at the 
three temperatures investigated. As can be seen h f depends strongly on the 
temperature but differs from the calorimetric data of the literature and 
especially from those of B6ja [2] obtained at temperatures not much different 
from ours. They correspond obviously to strong short-range order which 
disappears when the temperature increases. The smoothed numerical values 
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T A B L E  3 

M o l a r  i n t e g r a l  e n t h a l p y  o f  f o r m a t i o n  h r o f  t h e  A u - P b  a l l o y s  a t  1 1 2 3  K r e f e r r e d  t o  b o t h  p u r e  

l i q u i d  c o m p o n e n t s  w i t h  r e s p e c t  t o  g o l d  m o l e  f r a c t i o n  xAu 

x ^ .  h f (J  t o o l  -1 )  

1 ~ 2 3 1 2 3 

0 . 0 4 4  0 , 0 4 9  0 . 0 4 2  - 1 8 2  - 2 7 6  - 2 6 1  

0 . 1 1 3  0 . 1 5 1  0 . 1 0 2  - 3 9 2  - 5 1 4  - 5 0 2  

0 . 2 0 9  0 . 2 5 9  0 . 2 0 6  - 5 2 ! )  - 6 4 6  - 5 5 8  

0 . 2 9 5  0 . 3 6 3  0 . 2 8 9  - 4 9 ! )  - 5 8 2  - 5 5 1  

0 . 3 6 5  0 . 4 6 2  0 . 3 7 2  - 4 7 0  - 4 0 1  - 5 7 4  

0 . 4 2 6  0 . 5 3 8  0 . 4 4 9  - 4 9 , i  - 3 4 3  - 5 7 6  

0 . 4 7 8  0 . 6 0 9  0 . 5 1 9  - 4 3 i  - 2 5 1  - 5 0 1  

0 . 5 2 7  0 . 6 7 7  0 . 5 8 5  - 3 2 , t  - 1 7 7  - 4 0 2  

0 . 5 8 2  0 . 7 4 3  0 . 6 3 8  - 16(3 - 4 0  - 3 0 5  

0 . 6 3 3  0 . 7 1 6  - 9 9  - 1 6 4  

0 . 7 7 3  - 6  

aSe t  o f  e x p e r i m e n t a l  r e s u l t s .  

T A B L E  4 

M o l a r  i n t e g r a l  e n t h a l p y  

i n v e s t i g a t e d  r e f e r r e d  t o  

o f  f o r m a t i o n  h r o f  t h e  A u - P b  l i q u i d  a l l o y s  a t  t h e  t h r e e  t e m p e r a t u r e s  

b o t h  p u r e  l i q u i d  c o m p o n e n t s  w i t h  r e s p e c t  t o  g o l d  m o l e  f r a c t i o n  x^u a 

XA, h f ( L J  t o o l  - 1 )  

6 9 5  K 8 7 1  K 1 1 2 3  K 

0 . 0 5  - 0 . 5 6  - 0 . 2 9  - 0 . 2 0  

0 . 1 0  - 1 . 0 3  - - 0 . 5 3  - 0 . 3 5  

0 . 1 5  - 1 . 4 1  - - 0 . 7 2  - 0 . 4 6  

0 . 2 0  - 1 . 7 0  - - 0 . 8 8  - 0 . 5 3  

0 . 2 5  - 1 . 9 2  - -  1 . 0 0  - 0 . 5 7  

0 . 3 0  - 2 . 0 6  - -  1 . 0 8  - 0 . 5 8  

0 . 3 5  - 2 . 1 4  - -  1 . 1 3  - 0 . 5 6  

0 . 4 0  - 2 . 1 6  - -  1 . 1 5  - 0 . 5 2  

0 . 4 5  - 2 . 1 3  - 1 . 1 4  - 0 . 4 7  

0 . 5 0  - 2 . 0 5  - - 1 . 1 1  - 0 . 4 0  

0 . 5 5  - 1 . 9 3  - -  1 . 0 6  - 0 . 3 3  

0 . 6 0  - 1 . 7 7  - - 0 . 9 8  - 0 . 2 5  

0 . 6 5  - 1 . 5 8  - 0 . 8 9  - 0 . 1 7  

0 . 7 0  - 1 . 3 8  - 0 . 7 9  - 0 . 1 0  

0 . 7 5  - 1 . 1 6  - 0 . 6 7  - 0 . 0 4  

0 . 8 0  - 0 . 9 2  - - 0 . 5 4  + 0 . 0 2  

0 . 8 5  - 0 . 6 8  - 0 . 4 1  + 0 . 0 5  

0 . 9 0  - 0 . 4 5  - - 0 . 2 8  + 0 . 0 6  

0 . 9 5  - 0 , 2 2  - - 0 . 1 4  + 0 . 0 5  

a S m o o t h e d  v a l u e s ;  v a l u e s  o n  t h e  g o l d - r i c h  s i d e  h a v e  b e e n  e x t r a p o l a t e d  a n d  c o r r e s p o n d  t o  

u n d e r c o o l e d  m e l t s .  
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are  g iven in Table  4. They  lead  to  pos i t ive  m e a n  va lues  of  the  hea t  c apac i ty  
(Fig. 7) which  d ec r ea s e  w h e n  the  t e m p e r a t u r e  increases :  

Cp (J  m o l  - ' K - :) = xA~(1 - XAu)(6.85 + 8.79XA~) 

f r o m  1123 to 871 K and  

Cp (J  tool - 1 K - 1) =xA~(1 - x = ~ ) ( 1 8 . 2 6  - 5.72x=~) 

f r o m  871 to  695  K. In  the  t e m p e r a t u r e  r anges  1 1 2 3 - 8 7 1  K and  8 7 1 - 6 9 5  
K Cp is m a x i m u m  re spec t ive ly  a t  xA~=0 .58  and  0 .37  (2.92 J m o l - :  K -~ 
and  5 .79 J mo l  - 1 K - ' ) .  
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Fig. 7. Mean values of the excess  heat capacity of the Au-Pb liquid alloys in the temperature 
ranges 1123-871 K ( ) and 871-695  K ( - - - ) .  
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Fig. 8. Liquid-[l iquid+Au(s)] boundary of  the Au-Pb phase diagram: , after Okamoto and 
Massalski [7] (A, eutectic composition); - - - ,  O, obtained from the breaks in the h f (xAu) 
curves (this work); . . . .  , [:3, calculated from our calorimetric data (h r) and those of  Rebouillon 
(gf) [6]; . . . . .  , m, calculated from our calorimetric results (h f) and those of  Hultgren et al. 

(g~) [8]. 
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Using the Gibbs free energy  of  mixing at  1200  K of  Hul tgren et  a l .  [8] 

g ~  (kJ mol  - 1) = XAu(1 -- XAu)(-- 11 .838 + 4.843XAu -- 7.704X2Au) 

and that  o f  Rebouil lon [6] 

g ~  (kJ mol  - 1) = XAu(1 -- XAu)(-- 11.142 + 2.885XAu -- 3.65 lX2Au) 

we calcula ted the l iquid-( l iquid + solid Au) phase  boundary .  The gold mole  
f ract ions  co r re spond ing  to the liquidus are p lo t ted  in Fig. 8 with those  
obta ined  f rom the breaks  in the h f (XAu) curves.  The ag reemen t  be tween  our  
exper imenta l  data  and the calculat ions using Reboui l lon 's  free enthalpy values 
is no t  bad. In cont ras t  they  differ s t rongly  f rom the selected data  of  Okamoto  
and Massalski. Thus the s t rong t empera tu re  dependence  of  the t he rmodynamic  
quanti t ies of  the A u - P b  melts  has  now been  definitely established. The 
t h e r m o d y n a m i c  behaviour  of  the liquid will be descr ibed  in a future pape r  
with re fe rence  to associa ted  models .  
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