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Metal  solut ion c a l o r i m e t r y  has been used to m e a s u r e  the low t e m p e r a t u r e  heats of 
fo rmat ion  and heat contents  of two phases  in the s y s t e m  Au-Sn.  The heats of fo rma t ion  
of ze ta  containing 11.1, 14.0 and 16.0 at .  pct Sn and AuSn at 78 K and of zeta  containing 
16.0 at.  pct Sn and AuSn at 195 and 273 K have been  m e a s u r e d .  The heat contents  
(H273K-H78 K) and ( H 1 9 5 K - H 7 8 K )  of zeta (16.0 at .  pct Sn) and AuSn have a l so  been  
measu red .  Heat contents  at s e v e r a l  t e m p e r a t u r e s  and the s t anda rd  heat and free ene rgy  
of format ion  of AuSn at 298 K have been  ca lcula ted .  The s tab i l i ty  of zeta  and the unusua l  
composi t ion  dependence of i ts  heat of fo rmat ion  have been d i s c us se d  in t e r m s  of i ts  e l e c -  
t r on i c  s t r u c t u r e .  

u  phys ica l  and chemica l  p r o p e r t i e s  of the 
Au-Sn s y s t e m  show unusua l  behavior  at the gold r i ch  
end. 1-s The al loy containing 25 at .  pct Sn exhibi ts  p rop-  
e r t i e s  in the liquid s tate  which a re  c h a r a c t e r i s t i c  of 
s t r u c t u r a l  complexi ty  as in o rde r ing  or  a s soc ia t ion  in 
liquid a l loys .  2,s When rapid ly  cooled, this  al loy con-  
s i s t s  of a ~ - b r a s s  type phase conta in ing 20.5 at .  pct 
Sn with a la rge  negat ive heat of fo rmat ion .  4 The equi-  
l i b r i um phase at 20.5 at .  pct Sn, however ,  is p r i m a r i l y  
zeta  r a t h e r  than V, which is gene ra l l y  v e r y  s tab le .  The 
ava i lab le  va lues  of the heats of fo rmat ion  of ze ta  at 
273 K s appear  to be too low compared  with those at 
723 K. 6 Also  the heats of fo rmat ion  of ze ta  at 273 K 
when plotted aga ins t  its compos i t ion  show an unusual  
negat ive  c u r v a t u r e .  This  impl i e s  me tas t ab i l i t y  of zeta, 
un less  the entropy of fo rma t ion  makes  an apprec iab le  
cont r ibu t ion  to the free ene rgy  of fo rmat ion  at this  
t e m p e r a t u r e .  It has been suggested  that  this  behavior  
may be r e l a t ed  to changes in the e l ec t ron ic  s t r uc t u r e  
of zeta .  5 In zeta,  the over lap  of F e r m i  e l ec t rons  a c r o s s  
(10.0) faces  of the Br i l lou in  zone takes  place at about 
12 at .  pct  Sn. 7 However,  compared  with the e lec t ron ic  
effects,  the t e m p e r a t u r e  effects  may be much l a rge r  
at 273 K. At low t e m p e r a t u r e s ,  the t e m p e r a t u r e  effects 
may be cons ide rab ly  reduced .  

M e a s u r e m e n t  of accura te  va lues  of the heats of 
fo rma t ion  below room t e m p e r a t u r e  is poss ib le  in 
p r inc ip le  by means  of a meta l  so lut ion c a l o r i m e t e r  
which is  n o r m a l l y  used to m e a s u r e  high t e m p e r a t u r e  
heats of format ion  and heats of solut ion.  8 In this  
method, s amples  of an al toy and a mechan ica l  mix ture  
of its components  having the same  compos i t ion  as the 
al loy a re  a l t e rna t e ly  added f rom a fixed addit ion t e m -  
p e r a t u r e  to a l iquid meta l  so lut ion bath  and the heat 
effects  on d i sso lu t ion  a re  m e a s u r e d .  The di f ference in 
the heat effects due to the addi t ion of the al loy and the 
co r re spond ing  mechan ica l  mix tu re  is the heat of fo rma-  
t ion of the al loy at the addi t ion t e m p e r a t u r e .  By ma i n -  
ta in ing  the addit ion t e m p e r a t u r e  below room t e m p e r a -  
ture  va lues  of the heat of fo rmat ion  at low t e m p e r a -  
t u re s  can be obtained.  

In this  invest igat ion,  me ta l  so lut ion c a l o r i m e t r y  was 
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used to m e a s u r e  the heats of fo rma t ion  at t e m p e r a -  
t u r e s  as low as 78 K. The heats  of fo rma t ion  of ze ta  
conta in ing 11.1, 14.0, and 16.0 at .  pct Sn at 78 K and 
those of ze ta  containing 16.0 at .  pct  Sn at 195 and 273 K 
were  m e a s u r e d .  The heats  of fo rma t ion  of the com-  
pound AuSn which appears  next  to ze ta  in the Au-Sn 
phase d i a g r a m  were  a l so  m e a s u r e d  at 78, 195, and 
273 K. The heat contents  (//273 K - H 7 8  K) and (//195 K -  
H78 K) of ze ta  containing 16.0 at .  pct Sn and of AuSn 
were  m e a s u r e d .  The heat contents  at s e v e r a l  t e m p e r a -  
t u r e s  below room t e m p e r a t u r e  and the s t anda rd  heat 
and free ene rgy  of fo rmat ion  at 298 K of AuSn were  
ca lcu la ted .  The s tab i l i ty  of ze ta  and the unusua l  com-  
posi t ion  dependence of its heat of fo rma t ion  wil l  be 
d i s cus sed .  

EXPERIMENTAL 

Samples of the phase zeta containing II.I, 14.0, and 
16.0 at. pct Sn and of AuSn were prepared by meRing 
appropriate amounts of 99.999 wt pct Au and 99.99 wt 
pct Sn in evacuated and sealed Vycor tubes. The tubes 
containing the molten alloys were quenched in water. 
The resulting ingots were sealed in evacuated Vycor 
tubes and annealed for four weeks at 523 K. Metal- 
lographic and X-ray examination did not give any indi- 
cation of segregation or the presence of a second 
phase. 

The details of the tin solution calorimeter used in 
this investigation have been described elsewhere. 8 For 
conduct ing an expe r imen t  a l iquid t in  r i c h  bath  was 
main ta ined  in the c a l o r i m e t e r  at 623 K. About 1.5 g 
of the sample  were placed in the sample  chamber ;  this  
c ha mbe r  cons i s t ed  of a 1 cm d i am g la s s  tube which 
was c losed at one end and at the other  end was con-  
nec ted  to the c a l o r i m e t e r  v e s s e l  through a ground 
g l a s s  jo in t .  The sample  tube was i n s e r t e d  in a constant  
t e m p e r a t u r e  bath main ta ined  in a dewar  f lask.  In o rde r  
to add the sample ,  the constant  t e m p e r a t u r e  bath was 
quickly r emoved  and the s p e c i m e n  tube ro ta ted  a round 
the ground g l a s s  jo int .  The cons tan t  t e m p e r a t u r e  bath 
cons i s t ed  of l iquid n i t rogen ,  d ry  ice and acetone or 
ice and water  which yielded t e m p e r a t u r e s  of 78, 195, 
and 273 K, r e spe c t i ve l y .  The c a l o r i m e t e r  was ca l i -  
b ra t ed  by adding t in  f rom 273 K. The value of the heat 
content  (//623 K - H 2 7 3  K) of t in  r e q u i r e d  8 for ca l cu -  
la t ing the heat capaci ty  of the c a l o r i m e t e r  was taken 
as  4.079 k c a l / g - a t o m  (17.07 k J / g - a t o m ) .  9 
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Table I. The Heat Effects of Additions to a Liquid Tin Rich Bath at Infinite Dilution and 623 K, the Heats of Formation, 
and the Heat Contents of the Phases AuSn and Zeta 

Phase 

Atom FIaction 
o f Tin in 

Phase, XSn 

Heat Effect on Addition to Tin 
Rich Bath at Infinite Dilution 

and 623 K, hxAu ~ 0 + 

Heat of Formation at 
Addition Temperature 

AH T Heat Content, (HT-H'IsK) 
Temperature, T, K kca|/g-atom kJ/g-atom kcal/g-atom kl/g-atom kcal/g-atom kJ/g-atom 

AuSn 

Zeta 

0.500 273 4.095 +- 0.030 17.14 + 0.13 -3.610 -15.11 1.065 4.46 
195 4.540 -+ 0.030 19.00 -+ 0.12 -3.585 -15.01 0.620 2.60 
78 5.160 + 0.050 21.60 -+ 0.21 -3.555 -14.88 0 0 

0.160 273 -0.940 -+ 0.010 -3.935 -+ 0.042 -1.020 -4.27 1.015 4.249 
195 -0.435 + 0.010 -1.821 -+ 0.042 -1.060 -4:44 0.510 2.135 
78 +0.075 -+ 0.025 +0.314 +-- 0.105 -0.930 -3.89 0 0 

0.140 78 -0.245 + 0.020 -1.026 + 0.084 -0.755 -3.16 0 0 
0.111 78 -0.795 + 0.015 -3.328 + 0.063 -0.415 -1.74 0 0 

In a c a l o r i m e t r i c  run,  s e v e r a l  consecu t ive  addi t ions 
of s a m p l e s  of the s a m e  phase  w e r e  made .  S e v e r a l  
ca l ib ra t ing  addi t ions  of tin w e r e  a l so  made dur ing each  
run.  The heat  ef fec t  r e su l t ing  f r o m  the addi t ion of a 
s a m p l e  was d e t e r m i n e d  and p lo t ted  aga ins t  the a tom 

f r ac t i on  of gold in solut ion XAu in the so lven t  bath.  The 
a t o m  f r ac t i on  was taken as  the a v e r a g e  of the a tom 
f r a c t i o n s  of gold in solut ion be fo re  and a f t e r  the addi-  
t ion of the s a m p l e )  The o b s e r v e d  l inea r  compos i t ion  
dependence  of the heat  effect  was cons i s t en t  wi th  pub- 
l i shed  values.X The heat  ef fec t  at  inf ini te  di lut ion was 
obtained by ex t rapo la t ion  f r o m  such p lo t s .  

RESULTS AND DISCUSSION 

The heat  ef fec t  on addit ion of s p e c i m e n s  of a phase 
f r o m  t e m p e r a t u r e  T to tin r i c h  solu t ions  at infinite 
di lut ion at 623 K is:  

hXAu ~ o = - A H T  + XAu(H623 K -  HT)Au 

+ Xsn(H623 K - HT)Sn 

+ XAu AHAu, X S n ~  1, 623 K [1] 

where  h = heat  ef fec t  pe r  g - a t o m  of the addit ion,  
A H  T = heat  of fo rma t ion  of the phase at T K, x i = a tom 
f r ac t i on  of component  i in the t in r i c h  solution,_Xj 
= a tom f r ac t i on  of component  j in the phase ,  AHAu 
= p a r t i a l  g - a t o m i c  enthalpy of gold r e l a t i v e  to sol id  
gold.  The  heat  e f fec t s  of addi t ion at infini te  di lut ion 
of v a r i o u s  phases  added f r o m  d i f fe ren t  t e m p e r a t u r e s  
a r e  l i s t ed  in Tab le  I. The heat  contents  ( H 6 2 3 K -  
H ), (H H ), and (H / /  ) were  78K 6 2 3 K -  195K 9 6 2 3 K -  273K 
taken  f r o m  the l i t e r a t u r e  as 5.224, 4.563 and 4.079 
k c a b / g - a t o m  (21.87, 19.10, and 17.07 k J / g - a t o m ) ,  
r e s p e c t i v e l y ,  for  tin and as 3.275, 2.636 and 2.175 
k c a l / g - a t o m  (13.71, 11.03, and 9.10 k J / g - a t o m ) ,  
r e s p e c t i v e l y ,  for  gold.  A m e a s u r e d  va lue  for  
A/1Au, XSn ~ 1 at 623 K is - 5 . 2 8 6  k c a b / g - a t o m  
( -22 .13  k J / g - a t o m ) .  1 Values  of the heats  of f o r m a -  
t ion A H  T obtained by subst i tu t ing  these  data  into 
Eq .  [1] a r e  l i s t ed  in Table  I.  

As  shown by Eq.  [1], the d i f f e r ence  be tween  the heat 
e f fec t s  of a phase added f r o m  two d i f fe ren t  t e m p e r a -  
t u r e s  is  the d i f f e r ence  be tween i ts  heat  contents  at 
the addi t ion t e m p e r a t u r e s .  Heat  contents  d e t e r m i n e d  
in this  m a n n e r  a r e  l i s ted  in Tab le  I.  

The  random e r r o r s  ca lcu la ted  as the r o o t - m e a n -  
s q u a r e  ave r age  s c a t t e r  in the heat  e f fec t s  a r e  included 
in Tab le  I. The  uncer ta in ty  l imi t s  in AH a re  the same 
as those  in the co r r e spond ing  heat e f fec t s  and the un- 

c e r t a i n t i e s  in (H T - H T a )  a r e  • c a b / g - a t o m  (+210 J / g r  
a tom)  in the heat  contents  of AuSn and • c a l / g - a t o m  
(+105 J / g - a t o m )  in the heat contents  of ze ta  (16 a t .  

pct Sn). The r e s u l t s  a r e  a l so  af fec ted  by sys t ema t i c  
e r r o r s  a r i s ing  f r o m  unce r t a in t i e s  in the heat contents  
of gold and tin 9 and the pa r t i a l  g - a t o m i c  enthulpy of 
gold in tin at 623 K. 1 The s y s t e m a t i c  e r r o r s  a r e  e s t i -  
mated  to be about +10 cab /g - a tom  (+42 J / g - a t o m )  in 
the heat  e f fec ts  of addi t ions and 4-20 to 25 c a l / g - a t o m  
(4-84 to 105 J / g - a t o m )  in the heats  of fo rma t ion  and 
heat  contents .  

Heat  Content  of AuSn 

The heat contents  of AuSn below r o o m  t e m p e r a t u r e  
a r e  not ava i lab le ,  but those  at high t e m p e r a t u r e s  have 
been m e a s u r e d .  1~176 In o r d e r  to t e s t  the con-  
s i s t ency  of the heat  contents  for  high t e m p e r a t u r e s  
with those for low t e m p e r a t u r e s  and to s e l ec t  heat 
contents  for  o ther  t e m p e r a t u r e s ,  the following p roce -  
dure  was adopted.  

A s s u m i n g  a s ingle  va lued  a v e r a g e  Debye t e m p e r a -  
tu re ,  neg l ig ib le  anha rm on ic  and magne t i c  cont r ibu-  
t ions  and cons tancy  of the Gr i ine i sen  p a r a m e t e r  the 
heat  content  H T  at any t e m p e r a t u r e  T may be wr i t ten  
a s  :tl 

( H T  - H  o) = U ( O / T )  + ~ + (1/2)Ye T2 [2] 

where  U ( O / T )  = Debye in te rna l  e n e r g y  cor respond ing  
to an ave rage  Debye t e m p e r a t u r e  O, qb = f o T 7 a C v T  t iT ,  
y = G r ~ e i s e n  constant ,  a = volume coef f ic ien t  of 
expansion,  Cv = heat  capaci ty  at constant  vo lume and 
Te = the constant  t e r m  in the e l e c t r o n i c  heat capaci ty .  
F o r  evaluat ing  the function ~, C v has been a s s umed  to 
equal  12 3R/[1 + ( 1 / 2 0 ) ( 0 / T ) 2 ] ,  and ~ is  e x p r e s s e d  as 13 
A / [ 1  + ( 1 / 2 0 ) ( 0 / T ) 2 ] ,  where  A is a cons tant .  It may be 
shown that : 

= 1.5R A~O 2 {(T/0) e + (T / O)2 / [20 (T / / O)  2 + 1] 

- 0 . 1  In [20(7"/0) 2 + 1]} [3] 

The  heat contents  of AuSn below r o o m  t e m p e r a t u r e  
m e a s u r e d  in this  inves t iga t ion  and those  r epo r t ed  for 
AuSn above r o o m  t e m p e r a t u r e  1~ a r e  we l l  r e p r e s e n t e d  
to within +7 ca l  by Eq .  [2] when 0 = 225 K, Ay  = 1.65 
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Table II. Heat Content of AuSn Calculated by Eq. [2] from Published 
Data and Data Measured in This Investigation 

Temperature, K 100 150 200 250 298 400 500 600 
(HT-Ho), 
kcal/g-atom 0.24 0.50 0.78 1.08 1.37 2.01 2.65 3.3I 
kJ/g-atom 1.00 2.09 3.27 4.52 5.73 8.41 11.09 13.86 

X 10 "4 deg -~ and "re = 2.5 • 10 .4 e a l / g - a t o m - K  (10.5 x 
10.4 J / g - a t o m - K ) .  This  value of Ye ag rees  well  with 
that es t imated  f rom the c a r r i e r  concent ra t ion .  ~4 No 
publ ished value for  the Debye t e m p e r a t u r e  of this  com-  
pound is  avai lable  for compar i son .  The de t e rmined  
value of A y  agrees  well  with a value of approx imate ly  
1 • 10 -4 deg- '  found for a number  of phases.~S Heat 
contenfs of AuSn ca lcula ted  by Eq. [2] for s e v e r a l  t e m -  
p e r a t u r e s  a re  l i s ted  in Table  II. 

The Standard Heat and F r e e  Energy  
of F o r m a t i o n  of AuSn 

A heat of fo rmat ion  o f - 3 . 6 4 5  k c a l / g - a t o m  ( -15 .26  
k J / g - a t o m )  has been  repor ted  for  AuSn at 273 K. s 
Th i s  r e su l t  was obtained by t in solut ion c a l o r i m e t r y  
using an older value for the heat content  of t in .  5 When 
more  recen t  va lues  for the heat content  9 a re  combined 
with the e a r l i e r  m e a s u r e d  va lues ,  the heat of fo rma-  
t ion  becomes  - 3 . 5 9  ! 0.045 k c a l / g - a t o m  (-15.03 
+ 0.19 k J / g - a t o m )  in  good a g r e e m e n t  with the value of 
-3 .61  + 0.03 k c a l / g - a t o m  (-15.11 • 0.13 k J / g - a t o m )  
repor ted  here .  

The heat of fo rmat ion  at any t e m p e r a t u r e  T may be 
exp re s sed  as : 

A H T  : A H  o + (H T - H o )  p - ~ X j  (HT  -- H o )  j [4] 

where  the s u b s c r i p t s  p and j indicate  the phase and i ts  
components  r e spec t ive ly .  F r o m  the m e a s u r e d  heats 
of format ion  (Table I), the heat contents  of AuSn 
(Table II) and the publ i shed  heat contents  of gold and 
t in ,  9 a value of - 3.505 k c a l / g - a t o m  (-  14.67 k J / g - a t o m )  
was obtained for  A H  o.  A H ~  is  found by Eq. [4] to be 
- 3.605 k c a l / g - a t o m  (- 15.09 k J / g - a t o m ) .  

The f ree  energy  of fo rmat ion  AG at any t e m p e r a t u r e  
T may be wr i t ten  a s :  

A G T  = A g  O + (GT  -- H o )  p - ~ , X j ( G  T - H o )  j [5] 
J 

The quanti ty (G T - H o) for AuSn may be found f rom 
the following exp re s s ion :  ~ 

(G T - H o )  = F ( O / T )  + ~> - T~p - ( 1 / 2 ) Y e  T2 - T S  o [6] 

where  F ( O / T )  = Debye free energy,  S o = ent ropy at 
0 K, and: 

~b = foT ' / ceCvdT  

= AT+U(O/T)  + 0.268 R y A O  tan  -1 ( 2 ~ - ~ T / O )  

+ 0.15 Ry A O [ ( T / O ) / { 2 0 ( T / O )  2 + 1}] [7] 

Equat ions  [5] to [7] a re  evaluated  f rom publ ished f ree  
ene rg i e s  of gold and t in  9 and va lues  of 0, Ay, 7+e, and 
A H  o as found above and by a s s u m i n g  S o to be ze ro  
for AuSn. The value obtained for A G~98 is - 3 . 0 7 5  
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Fig. 1 - H e a t s  o f  f o r m a t i o n  and average relat ive hea t  capac i ty  ACp of  
ze ta  as func t ions  of  compos i t i on .  

k e a l / g - a t o m  (-12.87 k J / g - a t o m ) .  No e x p e r i m e n t a l  
va lues  of the free energy  of fo rma t ion  a r e  ava i lab le  
for compar i son .  

Heat of F o r m a t i o n  of Ze ta  

The heats  of fo rma t ion  at 273 K of three  compos i -  
t ions of the ze ta  phase have been  repor ted .  5 As stated 
above, these data  were  d e t e r m i n e d  with an o lder  value 
of the heat  content  of tin. C o r r e c t e d  data,  together  with 
the r e s u l t s  obtained in the p r e s e n t  inves t iga t ion ,  a re  
plotted aga ins t  compos i t ion  in F ig .  1. The two se t s  of 
data  a re  cons i s t en t  with each  o ther .  

Stabi l i ty  of Zeta  

F i g u r e  1 shows that the unusua l  negat ive  cu rva tu re  
of the heat of fo rma t ion  vs compos i t ion  curve  at 
273 K has comple te ly  d i s a ppe a r e d  at 78 K. At this  
t e m p e r a t u r e  the heat of fo rma t ion  v s  composi t ion  
curve  has the n o r m a l  pos i t ive  c u r v a t u r e .  The f ree  
ene rgy  of fo rmat ion  of zeta  at 78 K can be ca lcula ted  
f rom its  heats of fo rmat ion  and the en t ropy  of mixing 
of a d i s o r d e r e d  s t r u c t u r e  le neg lec t ing  the c o n t r i b u t i o n  
of the excess  ent ropy at this  t e m p e r a t u r e .  The f ree  
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Fig. 2 - H e a t s  of  f o r m a t i o n  o f  ze ta  con ta in ing  16 at .  pc t  Sn and AuSn  
relat ive to  solid gold and  sol id  t in  as func t ions  of  t empera tu re .  See 
t ex t  for  exp lana t ion .  
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e n e r g y  of f o r m a t i o n  aga in s t  c o m p o s i t i o n  curve  of z e t a  
is  concave  t o w a r d s  the compos i t i on  ax i s  and is  con-  
s i s t e n t  wi th  the  s t a b i l i t y  of z e t a  ove r  the c o m p o s i t i o n  
r ange  of 11 to 16 a t .  pc t  Sn. Any ef fec t  of the change 
in the e l e c t r o n i c  s t r u c t u r e  of z e t a  on AH is not d e t e c t -  
ab le  at  78 K. However  the f r ee  e n e r g y  of f o r m a t i o n  of 
ze t a  at  273 K c a l c u l a t e d  f r o m  i t s  hea t s  of f o r m a t i o n  
and the idea l  en t ropy  of mixing  is convex t o w a r d s  the 
c o m p o s i t i o n  ax i s  and is  i ncons i s t en t  with the o b s e r v e d  
s t a b i l i t y  of ze t a .  It i m p l i e s  that  the t e m p e r a t u r e  e f fec t s  
due to  e x c e s s  en t ropy  a r e  a p p r e c i a b l e  at  273 K. 

The  hea t s  of f o r m a t i o n  of z e t a  conta in ing  16 a t .  pc t  
Sn a r e  p lo t ted  a g a i n s t  t e m p e r a t u r e  in F i g .  2. Those  
of AuSn a r e  a l so  shown for c o m p a r i s o n .  T h e s e  a r e  
ob ta ined  by subs t i tu t ing  the va lue s  of AH o and the heat  
conten ts  of AuSn (Table  II), gold 9 and t in  9 in Eq.  [4]. 
The  h e a t s  of f o r m a t i o n  of AuSn d e c r e a s e  cont inuous ly  
with i n c r e a s e  in t e m p e r a t u r e  w h e r e a s  those  of z e t a  
d e c r e a s e  only up to about 200 K and i n c r e a s e  above  
th i s  t e m p e r a t u r e .  Thus  above  r o o m  t e m p e r a t u r e  the 
hea t  of f o r m a t i o n  is  expec ted  to be v e r y  s m a l l .  
K leppa  6 m e a s u r e d  the hea t s  of f o r m a t i o n  of z e t a  con-  
ta in ing  13 at .  pc t  Sn and AuSn at  723 and 623 K, r e s p e c -  
t i v e l y .  He has r e p o r t e d  that  his  r e s u l t s  conta in  a p p r e -  
c i ab le  s y s t e m a t i c  e r r o r s  caused  by his  e l e c t r i c a l  
c a l i b r a t i o n  s y s t e m .  ~v C o m p a r i s o n  of his  va lue  of AH 
of AuSn at  623 K with  that  obta ined f r o m  the p r e s e n t  
da t a  y i e lds  a s y s t e m a t i c  e r r o r  of 5.53 pc t .  K l e p p a ' s  
c o r r e c t e d  va lue  fo r  the heat  of f o r m a t i o n  r e l a t i v e  to 
so l id  gold  and so l id  t in is  - 0 . 2 8  k c a L / g - a t o m  ( -1 .17  
k J / / g - a t o m )  at  723 K for  z e t a  conta in ing 13 at .  pc t  Sn. 
A s s u m i n g  the c o m p o s i t i o n  dependence  of the heat  of 
f o r m a t i o n  be tween  13 and 16 at .  pct  to be a p p r o x i m a t e l y  
the s a m e  at  273 and 723 K, the heat  of f o r m a t i o n  of 
z e t a  conta in ing  16 a t .  pct  Sn is o n l y - 0 . 4 9 5  k c a l / g - a t o m  
( -2 .07  k J / g - a t o m )  at  723 K r e l a t i v e  to so l id  gold and 
so l id  t in .  Th i s  is  much s m a l l e r  in magni tude  c o m p a r e d  
with the  c o r r e s p o n d i n g  va lue  o f -  1.02 k c a l / g - a t o m  
( -4 .27  k J / / g - a t o m )  m e a s u r e d  in th is  inves t iga t ion  at  
273 K. K l e p p a ' s  r e s u l t s  thus con f i rm  the o b s e r v e d  
t endency  of the hea t s  of f o r m a t i o n  to i n c r e a s e  with 
t e m p e r a t u r e .  

A nega t ive  hea t  of f o r m a t i o n  of a compound s u g g e s t s  
that  the bonds in the compound a r e  r e l a t i v e l y  s t r o n g e r  
than those  in the componen t s .  S t r o n g e r  bonds a r e  
c h a r a c t e r i z e d  by h igher  f r e q u e n c i e s  of v i b r a t i o n  of the 
l a t t i c e  and h igher  Debye  t e m p e r a t u r e s .  The con t r i bu -  
t ion of the l a t t i c e  heat  c a p a c i t i e s  to A Cp, t h e r e f o r e ,  is  
nega t i ve .  Since n e a r  78 K a l l  o ther  con t r ibu t ions  to 
A Cp a r e  u sua l ly  s m a l l  c o m p a r e d  with that  of the l a t -  
t i c e ,  the t e m p e r a t u r e  dependence  of AH would have 
an a p p r e c i a b l e  nega t ive  va lue .  With  i n c r e a s i n g  t e m -  
p e r a t u r e  the d i f f e r e n c e  be tween  the l a t t i ce  heat  c a p a c -  
i t i e s  b e c o m e s  s m a l l  and o the r  t e r m s  b e c o m e  i n c r e a s -  
ingly  impor t an t ,  so  that  the magni tude  of the t e m p e r a -  
tu re  dependence  of AH would tend to d e c r e a s e  with 
i n c r e a s e  in t e m p e r a t u r e .  V a r i o u s  p h a s e s  1~'~'~9 inc lud-  
ing AuSn (Fig .  2) behave  in th is  m a n n e r .  

The hea t  c a p a c i t y  d i f f e r ence  Z~ Cp of AuSn is  nega -  
t ive  and i ts  magni tude  d e c r e a s e s  s l i g h t l y  with i n c r e a s -  
ing t e m p e r a t u r e .  Z e t a  behaves  l ike  th is  only at  low 
t e m p e r a t u r e s .  The  va lue  of A Cp i s  nega t ive  below 
200 K. Above th i s  t e m p e r a t u r e  it is  pos i t i ve  and 
s u g g e s t s  that  t h e r e  i s  a s t r o n g  pos i t i ve  con t r ibu t ion  
to the heat  content  of z e t a  (16 a t .  pct  Sn) at  h igh t e m -  
p e r a t u r e .  A p o s i t i v e  con t r ibu t ion  to the heat  content  

a r i s e s  f r o m  the t h e r m a l  exc i t a t ion  of e l e c t r o n s .  The 
F e r m i  s u r f a c e  in the z e t a  phase  r i c h  in gold a l r e a d y  
touches  the ~10.0~ and (00.2} faces  of the Br i l l ou in  
zone.7,e~ Wi th  i n c r e a s i n g  t in  content  the e l e c t r o n  to 
a tom r a t i o  i n c r e a s e s  and at  about 12 at .  pc t  Sn the 
F e r m i  s u r f a c e  o v e r l a p s  the (10.0~ f aces  of the B r i l -  
Iouin zone.  A value of Ye est imated14 for  the 16 at .  pct  
Sn a l loy  is  only 1.8 • 10 -4 c a L / g - a t o m - K  2 (7.5 • 10 .4 
J / g - a t o m - K e ) .  Th is  t e r m  cannot be r e s p o n s i b l e  for  the 
l a r g e  pos i t i ve  con t r ibu t ion  t o  ZxH. 

The v a l u e s  of the hea t s  of f o rma t ion  of z e t a  conta in-  
ing 16 a t .  pc t  Sn m e a s u r e d  in th is  inves t iga t ion  at 78, 
195, and 273 K and c a l c u l a t e d  f rom K l e p p a ' s  da ta  at 
723 K and the value  of Ye s t a t ed  above,  when subs t i -  
tu ted  in E q s .  [2] and [4] y ie ld  a v e r a g e  va lue s  of 351 K 
for  0 and 6 x 10 -4 deg -1 for  Ay .  The e x p e r i m e n t a l  
va lue s  and those  c a l c u l a t e d  f r o m  Eqs .  [2] and [4] a r e  
shown in F i g .  2 to be in good a g r e e m e n t .  The  value of 
A y  obta ined  f rom these  equat ions  is  unusua l ly  l a rge .  
Because  of th is  l a rge  d i l a t a t i o n a l  t e r m  the e x c e s s  
en t ropy  i s  l a r g e  and ze t a  is  more  s tab le  than the ~- 
p h a s e .  

The quan t i ty  AC~ = ( A H 2 7 3 K -  AH78 K)//195 of the 
z e t a  phase  a r e  shown in F i g .  l a s  a function of i ts com-  
pos i t ion .  The  va lue  of AC~ at the gold r i c h  end is 
c o m p a r a b l e  with the low t e m p e r a t u r e  r e l a t i v e  heat 
c a p a c i t y  of the t in  r i c h  ze t a  phase  conta in ing 16 at .  
pct  Sn (F ig .  2), but  with i n c r e a s i n g  tin content  AC~ 
i n c r e a s e s  due to the i n c r e a s i n g  pos i t ive  con t r ibu t ion  
f r o m  the d i l a t a t i o n a l  t e r m .  The v a r i a t i o n  of AC t with 
compos i t i on  sugges t s  that  the d i l a t a t i o n a l  con t r ibu t ion  
i n c r e a s e s  r a p i d l y  with i n c r e a s i n g  t in  content ,  is  m a x i -  
mum at about  14.5 a t .  pc t  Sn and d e c r e a s e s  s l igh t ly  
beyond th is  c o m p o s i t i o n .  The dev ia t ion  of the c/a r a t i o  
of the ze t a  phase  f r o m  the idea l  va lue  a l so  changes  in 
th is  manne r  and the i d e a l  c/a r a t i o  o c c u r s  at  14.5 a t .  
pc t  Sn. 16 The  i n c r e a s i n g  d i l a t a t i o n a l  con t r ibu t ion  with 
i n c r e a s i n g  t in  content  and the l a r g e  d i l a t a t i o n a l  con t r i -  
bution in the  t in r i c h  ze t a  a r e  p robab ly  due to the 
changes  in the ax ia l  r a t i o s  of the ze t a  phase  with com-  
pos i t ion  r e s u l t i n g  f r o m  the i n t e r ac t i on  of the F e r m i  
s u r f a c e  wi th  v a r i o u s  f aces  of the B r i l l o u i n  zone.7,2~ 

SUMMARY AND CONCLUSIONS 

1) The hea t s  of f o r m a t i o n  of the phase  z e t a  con- 
ta in ing  16.0 a t .  pc t  Sn and of AuSn have been  m e a s u r e d  
at  78, 195, and 273 K. The hea ts  of f o r m a t i o n  of ze t a  
conta in ing 11.1 and 14.0 a t .  pct  Sn at  78 K have a l so  
been  m e a s u r e d  (Table I). 

2) The heat  contents  (//273 K - H 7 8  K) and (H195 K -  
H78 K) of the  ze t a  phase  conta ining 16.0 a t .  pc t  Sn and 
of AuSn have been m e a s u r e d  (Table  I). 

3) The hea t  contents  of AuSn at  s e v e r a l  t e m p e r a -  
t u r e s  (Table  II) and the s t a n d a r d  heat  and f r ee  energy  
of f o r m a t i o n  of AuSn have been  ca l cu l a t ed .  The heat  
of f o r m a t i o n  changes  wi th  t e m p e r a t u r e  in the  n o r m a l  
manne r .  

4) The c u r v e s  showing the change of ZXH of ze ta  with 
compos i t i on  have the u sua l  pos i t ive  c u r v a t u r e  at 78 K, 
but a v e r y  unusual  nega t ive  c u r v a t u r e  at 273 K (Fig.  1). 
The  t e m p e r a t u r e  dependence  of AH a l so  changes  
a p p r e c i a b l y  with c ompos i t i on .  

5) As  shown by the hea t s  of f o rma t ion  (F ig .  2), 
,~Cp of z e t a  conta ining 16 a t .  pct  changes  f r o m  negat ive  
below about  200 K to pos i t i ve  at  h igher  t e m p e r a t u r e s .  
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This  behav ior  is attributed to a large  d i la tat ional  con-  
tr ibution to the heat content o f  z e t a  r i c h  in t in.  It i s  
s u g g e s t e d  that the d i la tat ional  contr ibut ion is  re la ted  
to the var ia t ion  of the ax ia l  rat io  of  z e t a  with  c o m p o s i -  
t ion due to the interact ion  of the F e r m i  sur face  wi th  
the faces  of the Br i l l ou in  zone .  
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