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P a r t i a l  heats  of mixing have been m e a s u r e d  at 725 K for l iquid Bi-Sn a l loys  using a l iquid 
meta l  solut ion c a l o r i m e t e r .  In tegra l  heats of mixing  were  calcula ted and were  found to 
be endo the rmic .  The expe r imen ta l  data a re  analyzed us ing  the sub regu l a r  model  and the 
modified quas i chemica l  model .  

IN a p rev ious  paper  1 a model  was proposed for de-  
s c r i b ing  heat of mixing cu rves  for b ina ry  solid and 
liquid a l loys .  The proposed model  was applied to 84 
b ina ry  s y s t e m s ,  with the Bi-Sn sys t em being one of the 
s y s t e m s  not f i t t ing the model .  The Bi-Sn data used in 
the ca lcu la t ions  were  taken f rom Hul tgren e t  al.  2 They 
a re  based on e lec t romot ive  force m e a s u r e m e n t s  of 
Seltz and Dunker ley  3 (608 K) and supported by the di -  
r ec t  c a l o r i m e t r i c  m e a s u r e m e n t s  of Huber 2 (748 K). 
These  heats  of mixing a re  endo the rmic ,  being in the 
range  0 to 25 cal  per  g -a tom at 608 K. However,  o lder  
inves t iga t ions  based on c a l o r i m e t r i c  m e a s u r e m e n t s  by 
Magnus and Mannhe imer  4 (600 K) and Kawakami 5 (623 K) 
r e s u l t  in exothermic  heats of mixing in the range  0 to 
-160 cal  per  g -a tom.  Because  of the d i s c r epanc i e s  
between these inves t iga t ions  and the avai labi l i ty  of 
equipment  capable of d i r ec t  m e a s u r e m e n t  of pa r t i a l  
heats  of mix ing ,  a r e inves t iga t ion  of this sy s t em by 
solut ion c a l o r i m e t r y  was under taken .  

EXPERIMENTAL PROCEDURE 

The liquid me ta l  solut ion c a l o r i m e t e r  used in this 
work is of the twin-wel l  type operated in a d i f fe rent ia l  
mode.  It is s i m i l a r  in des ign to other d i f fe rent ia l  twin-  
well  c a l o r i m e t e r s  desc r ibed  in the l i t e r a t u r e  6'7 and is  
comple te ly  desc r ibed  by Sbarkey.  8 Two ident ica l  
c a l o r i m e t e r  wells  are  located s y m m e t r i c a l l y  within a 
12-in.  d iam a luminum block. Each wel l  contains  a 
mul t i junc t ion  thermopi le  composed of 96 c h r o m e l -  
a lumel  the rmocoup les .  F o r t y - e i g h t  of these couples 
lie adjacent  to a s t a in l e s s  s tee l  tube which conta ins  
the solvent  bath. The r e m a i n i n g  48 couples a re  ad-  
jacent  to the a luminum block. This  c r u c i b l e - t h e r m o -  
pi le  a r r a n g e m e n t  is  ve ry  s i m i l a r  to that desc r ibed  by 
Kleppa 6 

The two the rmopi l e s  a re  connected in s e r i e s  so that 
the e lec t romot ive  force output f rom one opposes the 
e lec t romot ive  force  output f rom the other .  The m e a -  
su red  e lec t romot ive  force  d i f ference  is thus indica t ive  
of the t empe ra tu r e  d i f fe rence  between two ident ica i  
solvent  baths .  The d i f fe rent ia l  output of the t h e r m o -  
pi les  is fed into a Leeds and Northrup de mic rovo l t  
ampl i f i e r  and the ampl i f i e r  output is the input s ignal  
for a Leeds and Nor thrup  mi l l ivo l t  s t r i p  char t  r e -  
co rde r .  The thermopi le  output is  s table  to :~0.25 /zv 
over a 10 hr t ime per iod .  
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The a luminum c a l o r i m e t e r  block is  ma in ta ined  under  
vacuum within a pla in  ca rbon  s tee l  tank which is 
sea led  by s t a in l e s s  s tee l  " 0 "  r ings .  The vacuum tank 
is  s i tuated in a l a rge r  s tee l  cy l inder  which is used as 
the core of the furnace .  T e m p e r a t u r e  is main ta ined  
by four kanthal  wire  r e s i s t a n c e  e l emen t s ;  one each 
above and below the vacuum chamber  and two side e l e -  
men t s  on the core  cy l inder .  Power  is  supplied to the 
top and bottom coils  by 120 v Powers t a t s ,  to one side 
coil by a 240 v Powers ta t ,  and to the second side coil 
by a Bayley I n s t r u m e n t s  p r e c i s i on  t e m p e r a t u r e  con-  
t r o l l e r .  The t e m p e r a t u r e  of the sys tem can be va r i ed  
f rom 500 to 825 K with a s tabi l i ty  of ~=0.25 K on a 36 hr  
cycle .  The re  is  a l o n g - t e r m  dec rea se  of the c a l o r i m -  
e te r  t e m p e r a t u r e  of approx imate ly  2 K in 30 days.  This  
r e q u i r e s  per iodic  ad jus tment  of the p rec i s ion  t e m p e r a -  
t u r e  con t ro l l e r  to main ta in  the des i r ed  t e m p e r a t u r e .  

A s t a in l e s s  s teel  tube (~  in. OD) connects  the r e a c -  
t ion chamber  to a stopcock a s s e m b l y  above the c a l o r i m -  
e te r .  A molybdenum s t i r r i n g  paddle is  a t tached to the 
lower  end of th is  sample  drop tube and is s u b m e r s e d  in 
the solvent  bath.  The tube is  dynamica l ly  sea led  at the 
top of the c a l o r i m e t e r  and is  rotated at 10 rpm by a 
dr ive  motor  and gear  m e c h a n i s m  located on the lid of 
the c a l o r i m e t e r .  Samples  a r e  in t roduced into a Py rex  
solvent  c ruc ib le  in the reac t ion  chamber  through this  
tube.  

In the cour se  of approx imate ly  70 expe r imen t s  in the 
Bi-Sn sys t em it was found that the t ime  for solut ion 
was of the o r de r  of 8 rain and the p o s t - r e a c t i o n  t ime  
(time r equ i r ed  to r e tu rn  to equi l ib r ium)  was about 50 
min .  This  gives  suff icient  data to accu ra t e ly  de t e rmine  
the c a l o r i m e t e r  heat t r a n s f e r  ra te .  

Bi -Sn  baths of 50 g total  weight were  made up at 
compos i t ions  of 10 at.  pct  i n t e rva l s  f rom pure  t in  to 
pure  b i smuth .  The n u m b e r  of g - a t oms  of total  solut ion 
ranged f rom 0.42 for pure  t in baths to 0.23 for  pure  
b i smuth  baths .  Baths and samples  were  p r e p a r e d  f rom 
t in s t ick,  99.9 pct by weight,  the p r inc ipa l  impur i ty  
be ing an t imony,  and b i smuth  shot, 99.999 pct by weight.  
Molybdenum samples  (cut f rom molybdenum rod, 99.99 
pct by weight) were  used as s t anda rds  to ca lcula te  the 
effective reac t ion  cell  heat capaci ty.  The Sn, Bi, and 
Mo sample  s i zes  were  approx imate ly  0.0004, 0.0004, 
and 0.0008 g - a t o m s ,  r e spec t ive ly ,  such that the mag-  
n i tudes  of the Aemf vs t ime  curves  were  s i m i l a r  for 
each. 

Samples  were  dropped into each bath in the o rde r  
Sn, Mo, Bi. Each molybdenum s tandard  was used to 
ca lcula te  the effective reac t ion  cell  heat capacity for  
the calcula t ion involving the p r i o r  t in  sample  and the 
following b i smuth  sample .  At the t ime  each sample  
was added to the bath both the sample  t e m p e r a t u r e  and 
the c a l o r i m e t e r  t e m p e r a t u r e  were  recorded .  These  
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t e m p e r a t u r e s  w e r e  u s e d  to c a l c u l a t e  t h e  a c t u a l  s e n s i b l e  
h e a t  i n v o l v e d  in e a c h  m e a s u r e m e n t .  T h e  s e n s i b l e  h e a t s  
w e r e  s u b t r a c t e d  f r o m  t h e  c a l o r i m e t r i c  m e a s u r e m e n t s  
on  t h e  b i s m u t h  a n d  t i n  s a m p l e s  in  o r d e r  to  d e t e r m i n e  
t h e  p a r t i a l  h e a t s  of s o l u t i o n  a t  725 K. T h e  s e n s i b l e  
h e a t s  f o r  Bi ,  Sn,  a n d  Mo w e r e  d e t e r m i n e d  f r o m  h e a t  
c o n t e n t  d a t a  t a k e n  f r o m  H u l t g r e n  et  a l .  2'9 

T h e  b a t h  in  t h e  c a l o r i m e t e r  w a s  m a i n t a i n e d  u n d e r  a 
p r e s s u r e  of 10 -2 t o r r  w i t h  a m e c h a n i c a l  p u m p .  E a c h  
b a t h  r e m a i n e d  in t h e  c a l o r i m e t e r  f o r  24 h r .  A v e r a g e  
b a t h  w e i g h t  l o s s e s ,  t a k i n g  i n to  a c c o u n t  t h e  w e i g h t s  of 
s a m p l e  a d d i t i o n s ,  r a n g e d  f r o m  0.2  wt  pe t  f o r  t i n - r i c h  
b a t h s  to  0.3 wt  p e t  f o r  b i s m u t h - r i c h  b a t h s .  T h e  w e i g h t  
l o s s  i s  due  p r i m a r i l y  to  t h e  f a c t  t h a t  s o m e  b a t h  m a t e -  
r i a l  r e m a i n s  on t h e  s t i r r i n g  p a d d l e  w h e n  i t  i s  r e m o v e d  
f r o m  t h e  b a t h .  T h e  i n c r e a s e  in w e i g h t  l o s s  f o r  b i s m u t h -  
r i c h  b a t h s  i s  no t  e n o u g h  to  s i g n i f i c a n t l y  a l t e r  t h e  a v e r -  
a g e  c o m p o s i t i o n s  to  w h i c h  t he  p a r t i a l  h e a t  m e a s u r e -  
m e n t s  a r e  r e f e r r e d .  

ERROR ANALYSIS 

The calorimetric measurments were determined 
using the following equation, 

A H ( c a l o r i m e t e r )  = C ( A e m f )  + C K A A  [1] 

a d e r i v a t i o n  of w h i c h  i s  g i v e n  by  P o o l  a n d  Guadagno.10 
L x H ( c a l o r i m e t e r )  i s  t h e  s u m  of t h e  h e a t s  r e s u l t i n g  f r o m  
t h e  d i s s o l v i n g  p r o c e s s  a n d  t h e  s e n s i b l e  h e a t  to  b r i n g  
t h e  s a m p l e  f r o m  t h e  i n i t i a l  t e m p e r a t u r e  to  t h e  b a t h  
t e m p e r a t u r e ;  C i s  t h e  r e a c t i o n  c e i l  h e a t  c a p a c i t y ;  A e m f  
i s  t h e  d i f f e r e n t i a l  e l e c t r o m o t i v e  f o r c e  o u t p u t  a t  t i m e ,  
t, w h e r e  t i s  s o m e  t i m e  a f t e r  t h e  c o m p l e t i o n  of t he  r e -  
a c t i o n ;  K i s  t h e  N e w t o n i a n  c o o l i n g  c o n s t a n t ;  a n d  AA i s  
t h e  a r e a  u n d e r  t h e  e l e c t r o m o t i v e  f o r c e  v s  t i m e  c u r v e  
f r o m  t - - 0  to  t =  t. 

T h e  m a i n  s o u r c e s  f o r  e r r o r  a r i s e  f r o m  t h e  r e p r o -  
d u c i b i l i t y  of t h e  c e l l  h e a t  c a p a c i t y  u n d e r  g i v e n  c o n d i -  
t i o n s ,  t h e  r e p r o d u c i b i l i t y  of  t h e  p r o d u c t  C K  u n d e r  g i v e n  
c o n d i t i o n s ,  a n d  t h e  a c c u r a c y  of t h e  s e n s i b l e  h e a t  f o r  t h e  
s t a n d a r d  w h i c h ,  i f  in  e r r o r ,  w i l l  s h i f t  t h e  c e l l  h e a t  
c a p a c i t y  v a l u e  b y  a c o n s t a n t  a m o u n t .  T h e  e r r o r  in 
t e r m s  of t h e  v a r i a n c e  c a n  b e  a p p r o x i m a t e d  by  Eq .  [2],  

cr~H ~ [Aemf(crc l ) ]2  + [AA(crCK)] ~ + [ ( A e m f  + gAA)crC2] 2 

[2] 
w h e r e  eC~ a n d  c, CK a r e  b a s e d  on t h e  r e p r o d u c i b i l i t y  of 
t he  m e a s u r e m e n t s  a n d  ~Cz i s  b a s e d  on t h e  e r r o r  a s s o -  
c i a t e d  w i t h  t he  s e n s i b l e  h e a t  c a l c u l a t i o n  f o r  t h e  m o l y b -  
d e n u m  s t a n d a r d .  

T h e  s t a n d a r d  e r r o r ,  e ,  f o r  b o t h  C a n d  t h e  p r o d u c t  C K  
w a s  c a l c u l a t e d  f r o m  a l e a s t - s q u a r e s  a n a l y s i s  of d a t a  
o b t a i n e d  f r o m  35 m o l y b d e n u m  s t a n d a r d s .  B o t h  q u a n -  
t i t i e s  w e r e  a s s u m e d  to b e  a l i n e a r  f u n c t i o n  of t h e  n u m -  
b e r  of m o l e s  of b a t h  s o l v e n t .  I t  w a s  found  t h a t  <~C, 
= 0 .00061 ca l  p e r  ~v  a n d  C~CK = 0 .000126  ca l  p e r  p v -  
r a i n .  T h e  a c c u r a c y  of t h e  h e a t  c a p a c i t y  m e a s u r e m e n t  
i s  b a s e d  on t he  a b s o l u t e  e r r o r  s t a t e d  by  H u l t g r e n  e t  
a l .  2 f o r  t h e  s e n s i b l e  h e a t  of m o l y b d e n u m  (298 to 725 K) 
w h i c h  i s  +8  ca l  p e r  m o l e .  U s i n g  t h i s  v a l u e  <;C2 

0 .00019  ca l  p e r  ~ v .  T h e s e  t h r e e  v a l u e s  y i e l d  s t a n d -  
a r d  e r r o r s  of a p p r o x i m a t e l y  43 ca l  p e r  g - a t o m  f o r  t h e  
b i s m u t h  s a m p l e s  a n d  36 ca l  p e r  g - a t o m  f o r  t h e  t in  
s a m p l e s .  

Table I. Calorimetric Measurements for Bismuth and Tin at 725K 

Xsn Average (~t/Bi • 43) cal per g-atom (AHsn • 36) cal per g-atom 

0.999 8.48 
0.998 4.19 
0.999 119.21 
0.998 126.14 
0.900 14.98 
0.899 2.61 
0.898 -25.26 
0.900 60.12 
0.898 125.56 
0.898 141.17 
0.800 3.89 
0.800 17.96 
0.799 19,35 
0.800 95.33 
0.799 64.95 
0.70O 69.57 
0.700 13.41 
0.699 -2.36 
0.700 6l .29 
0.700 71.23 
0.699 39.46 
0.600 57.86 
0.600 16.36 
0.600 33.65 
0.600 90.02 
0.600 26.23 
0.600 33.44 
0.500 32.63 
0.500 20.69 
0.500 61.33 
0.500 47.62 
0.500 --10.22 
0.500 36.00 
0.401 28.53 
0.401 54.95 
0.401 110.95 
0.401 -17.95 
0.401 58.91 
0.401 12.68 
0.300 110.73 
0.301 36.83 
0.302 71.12 
0.301 6.41 
0.301 16.51 
0.302 22.56 
0.201 118.02 
0.202 90.88 
0.202 48.5l 
0.200 -8.41 
0.200 23.48 
0.200 24.06 
0.199 -4.71 
0.101 112.72 
0.102 173.53 
0.103 84.10 
0.100 6.78 
0. 100 25.34 
0.t00 12,04 
0.000 124.72 
0.002 169.34 
0.004 162.48 
0.002 6,43 
0.003 -25 5 t 
0.004 9.10 

The error limits on individual measurements are 

reported as plus or minus the standard error as deter- 
mined by Eq. [2]. The error limit on the average of 
several measurements is reported as the error on an 
individual measurement divided by N I/2 where N is the 

1774-VOLUME 3, JULY 1972 METALLURGICAL TRANSACTIONS 



Table II. Partial and Integral Heats of Mixing for Bi-Sn Alloys at 725K 

Partial Heats, cal per g-atom 

Xsn 

Experimental Calculated Integral Heats, 
AHBi AHsn AHBi AHsn cal per g-atom* 

1.0 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0.0 

122 + 30 6 -+ 25 124 0 0 
109 -+ 25 -3 • 21 103 1 11 

80 +30 11 • 84 5 20 
57 -+ 25 27 +- 21 66 11 27 
50 + 25 36 -+ 21 49 20 31 
24 • 25 38 -+ 21 35 31 33 
18 +- 25 65-+ 21 23 46 32 
I5-+25 73-+21 13 64 28 
9 -+ 21 84 -+ 21 6 86 22 

15• 124-+21 2 111 13 
-3 -+ 25 152 -+ 21 0 140 0 

*Calculated from: AH M = 124X 2 SnXBi + I40XsnX2Bi . 
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Fig. 1--Part ial  heats of mixing for Bi-Sn at 725 K. 
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n u m b e r  of i nd iv idua l  m e a s u r e m e n t s  on which  the  a v e r -  
a g e  v a l u e  i s  b a s e d .  

R E S U L T S  

The  e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e s  f o r  the  p a r t i a l  
h e a t s  of m i x i n g  f o r  b i s m u t h  and t in  a t  725 K a r e  g i v e n  
in T a b l e  I a long  wi th  the  a v e r a g e  ba th  c o m p o s i t i o n s .  50  
A v e r a g e  v a l u e s  f o r  e a c h  c o m p o s i t i o n  a r e  g i v e n  in 
T a b l e  II and p lo t t ed  in F i g .  1. T h e  c u r v e s  in F i g .  1 
w e r e  o b t a i n e d  by a r e g r e s s i o n  a n a l y s i s  of the  a v e r a g e  40  
v a l u e s  u s i n g  the  p a r t i a l  h e a t  of m i x i n g  e x p r e s s i o n s  
ob t a ined  f r o m  H a r d y ' s  u s u b r e g u l a r  m o d e l  in t he  f o r m :  "~ 30 

O 
AHSn = 2otlXsn X~3 i - 2otzXsnX~3 i + ot2X~3 i [3] 

and 20 

AHBi = otlX~n - 2o/iX~nXBi + 2o/2X~nXBi [4] E 
I 

w h e r e  a~ and  a2 a r e  c o n s t a n t s .  < 10 
The  r e g r e s s i o n  a n a l y s i s ,  c a r r i e d  out us ing  the  2 2  

da ta  po in t s ,  y i e l d e d  v a l u e s  f o r  a t  and a2 of 124 and 140 O i 
r e s p e c t i v e l y .  U s i n g  t h e s e  v a l u e s  and E q s .  [3] and  [4] 
t he  p a r t i a l  h e a t s  of m i x i n g  a r e  g iven  by:  

AH8 n = - 3 2 X s n X ~ i  + 140X~i [3a] 

and  

AHBi = 32X~n XBi + 124X~n [4a] 

The  i n t e g r a l  h e a t s  of m i x i n g  h a v e  b e e n  c a l c u l a t e d  
u s i n g  the  e x p r e s s i o n :  

A H  M = 124X~n XBi + 140XsnX~3 i [5] 

T h e s e  v a l u e s  a r e  g i v e n  in T a b l e  II and  p l o t t e d  in F i g .  
2 a t  10 a t .  p c t  i n t e r v a l s .  

T h e  m o d e l  p r o p o s e d  by S h a r k e y  e t  a l .  1 to d e s c r i b e  b i -  
n a r y  h e a t s  of m i x i n g  w a s  a l s o  u s e d  to a n a l y z e  the  e x -  
p e r i m e n t a l  da ta .  T h e  i n t e g r a l  hea t  of m i x i n g ,  g i v e n  by 

y i e l d s  p a r t i a l  h e a t  of m i x i n g  e q u a t i o n s  of the  f o r m :  

AHsn = 2' 'XsnX 3i + - 2XsnX i) 

- -  a 3 ( 2 X s n X ~ i  -- 3X~nX~3i) [7] 

and 

AHBi = oQ(X~n - - 2 X ~ n  XBi) + 2 o t 2 X ~ n X B i  

- aa (2X~nXBi  -- 3X~n X~3i) Is]  

A r e g r e s s i o n  a n a l y s i s  of a l l  22 da ta  p o i n t s  g a v e  a t  
= 126, aa  = 142, and  aa = 15. T h e s e  v a l u e s  g i v e  the  
f o l l o w i n g  p a r t i a l  hea t  of m i x i n g  e q u a t i o n s :  

AUSn = -62XsnX~3 i + 142X~3 i + 45X~n X~i  [9] 

and 

: 2 " 2  [ 1 0 ]  AHB i 2 X ~ n X B i +  126X~ n + ~u S n ~ B i  

S ince  t h e r e  i s  an  i n s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  the  
p a r t i a l  and  i n t e g r a l  h e a t s  of m i x i n g  g iven  by t h e s e  two 
a n a l y s e s ,  t h e r e  d o e s  not  a p p e a r  to be  any  j u s t i f i c a t i o n  
f o r  the  i n c l u s i o n  of t he  q u a s i c h e m i c a l  c o r r e c t i o n  t e r m .  
T h e  s u b r e g u l a r  m o d e l  a d e q u a t e l y  d e s c r i b e s  t he  e x p e r i -  
m e n t a l  p a r t i a l  h e a t s  of m i x i n g  and  only  v a l u e s  c a l c u -  
l a t e d  u s i n g  t h i s  m o d e l  h a v e  b e e n  t a b u l a t e d  o r  p lo t t ed .  

T h e  r e s u l t s  o b t a i n e d  in t h i s  i n v e s t i g a t i o n  a g r e e  wi th in  
e x p e r i m e n t a l  e r r o r  wi th  t he  p r e v i o u s  r e s u l t s  of Se l tz  
and D u n k e r l e y  3 and i n d i c a t e  tha t  the  i n t e g r a l  h e a t s  of 
m i x i n g ,  a s  c a l c u l a t e d  f r o m  m e a s u r e d  p a r t i a l  h e a t s  of 
m i x i n g ,  a r e  s m a l l  (<30 ca l  p e r  g - a t o m )  and  e n d o t h e r -  
m i c .  

O 

XSn 

Fig. 2--Integral heat of mixing for Bi-Sn at 725 K. 

AHm=124X2n XBi ,140Xsn X2 i 
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A C K N O W L E D G M E N T S  

T h e  a u t h o r s  w i s h  t o  t h a n k  t h e  A l u m i n u m  C o m p a n y  o f  
A m e r i e a  w h o s e  d o n a t i o n  o f  a n  a l u m i n u m  i n g o t  m a d e  

t h e  c o n s t r u c t i o n  o f  t h e  e q u i p m e n t  f i n a n c i a l l y  f e a s i b l e  

a n d  N a t i o n a l  S t e e l  C o r p o r a t i o n  w h o s e  f e l l o w s h i p  s u p -  
p o r t e d  t h i s  r e s e a r c h .  
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