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A STUDY O F VA PO RS O F P U R E  LIQ UID  BISM UTH AND L E A D ____

SOM E THERM ODYNAM IC P R O P E R T IE S  OF 

SIL V E R -B ISM U T H  LIQ UID  ALLOYS

C H A P T E R  I

IN TRO D U CTIO N

M e a s u re m e n t o f V ap o r P r e s s u r e

U se fu l th e rm o d y n a m ic  p r o p e r t ie s  of a so lid  o r  l iq u id  a llo y

s y s te m  can  b e  d e te rm in e d  by  e q u ilib ra tin g  tiie  co n d en se d  p h a s e  w ith

th e  v a p o r p h a s e  and  by  m e a s u r in g  th e  e q u ilib r iu m  v a p o r p r e s s u r e  of th e

d e s i r e d  c o n s ti tu e n t.

V a r io u s  te c h n iq u e s  h av e  b een  a p p lie d  fo r  th e  m e a s u r e m e n t  of

v a p o r  p r e s s u r e .  T he te c h n iq u e s  em p lo y ed  can  be  c la s s i f ie d  in to  th r e e

c a te g o r ie s :  te c h n iq u e s  in  th e  f i r s t  c a te g o ry  a r e  em p lo y ed  fo r  th e  h igh

3 -2v a p o r  p r e s s u r e  ra n g e , i .  e. , 10 m m  Hg to  10" m m  Hg; th e  seco n d

c a te g o ry  in c lu d e s  te c h n iq u e s  fo r  th e  lo w e r v a p o r p r e s s u r e  ra n g e , i .  e. , 

_3 -6
10 m m  H g to  10 m m  Hg; the  th i r d  c a te g o ry  in c lu d e s  v a r io u s  te c h 

n iq u e s  w h ich  h a v e  b een  d e v e lo p e d  in  o r d e r  to c irc u m v e n t s e v e r a l  l im i t a 

tio n s  e n c o u n te re d  in  te c h n iq u e s  of bo th  th e  f i r s t  and  th e  se c o n d  c a te g o ry .



S om e h ig h e r  v a p o r  p r e s s u r e  m e a s u r in g  m e th o d s  a r e :  (a) b o ilin g  

p o in t m e a s u re m e n t ,  (b) c a r r i e r  g a s  te c h n iq u e , and  (c) m a n o m e te r  te c h 

n iq u e . T h e se  te c h n iq u e s  u s  la lly  h a v e  to  be  a p p lie d  a t  c o m p a r a t iv e ly  

h ig h  t e m p e r a tu r e s  in  th e  c a s e  o f m e ta ls ,  b e c a u s e  th e  a c c u r a c i e s  of th e se  

te c h n iq u e s  d e c r e a s e  w ith  lo w e r  v a p o r  p r e s s u r e s .  T hu s th e  low  p r e s s u r e  

m e th o d s  a r e  th e  m o s t  f r e q u e n tly  u s e d  to  in v e s t ig a te  th e  r e la t iv e ly  low  

v a p o r p r e s s u r e s  o f m e ta ls .

T he  lo w e r  v a p o r  p r e s s u r e  m e a s u r in g  m e th o d s  a r e  b a s e d  upon 

m e a s u r e m e n ts  of th e  r a te  of su b lim a tio n  and  v a p o r iz a t io n . T h e  K nuds en 

te c h n iq u e  an d  th e  L a n g m u ir  te c h n iq u e  a r e  in c lu d e d  in  th is  c a te g o ry .

A  c o m p re h e n s iv e  re v ie w  of th e  te c h n iq u e s  a v a i la b le  fo r  th e  m e a 

s u re m e n t  o f m e ta l l ic  v a p o r  p r e s s u r e  w a s  g iv en  by  M a r g ra v e  (1) an d  F r e e 

m a n  (2),

In  th e  a p p lic a tio n  o f  th e  K nud sen  te ch n iq u e , th e  r a t e  o f e ffu s io n  

c an  b e  d e te rm in e d  e i th e r  by w e ig h in g  th e  lo s s  of m a s s  d ir e c t ly ,  o r  by  

w e ig h in g  th e  c o n d e n sa te  c o lle c te d  on a  t a r g e t  a d ju s te d  to  a  d e s i r a b le  l o 

c a tio n  d u r in g  a  know n t im e  in te r v a l .  T h is  te ch n iq u e  i s  v a lid  a s  long  a s  

th e  fo llow ing  fu n d a m e n ta l r e q u i r e m e n ts  a r e  fu lf ille d :

(a) T he  e s ta b l is h m e n t  of m o le c u la r  flow  of e ffu s in g  v a p o r  f ro m  

th e  c e ll .

(b) T he s a tu r a t io n  of v a p o r  w ith  i t s  c o n d e n se d  p h a s e  in s id e  th e  

e ffu s io n  c e ll .

(c) T he e s ta b l is h m e n t  o f th e r m a l  e q u il ib r iu m  of th e  e ffu s io n  

c e ll .



(d) T he  k n o w led g e  of m o le c u la r  w e ig h t of e ffu s in g  v a p o r .

T he K nuds en te c h n iq u e  can  b e  u t i l iz e d  to  d e te rm in e  th e  v a p o r  p r e s s u r e  

of m e ta l l ic  v a p o r s  w ith  r e a s o n a b le  a c c u ra c y .

U n lik e  th e  K nuds en te c h n iq u e , th e  e q u ilib r iu m  of th e  v a p o r  p h a s e  

w ith  th e  c o n d e n se d  p h a s e  c an n o t be  e s ta b l is h e d  in  th e  L a n g m u ir  te c h n iq u e . 

T h e re fo re ,  th e  r a t e  of e v a p o ra tio n  d e te r m in e d  by  th e  L a n g m u ir  te c h n iq u e  

is  n o t a lw a y s  th e  e q u il ib r iu m  r a te  of e v a p o ra tio n . In  o th e r  w o rd s , th e  

e v a p o ra tio n  p r e s s u r e  d e te rm in e d  by  th e  L a n g m u ir  te c h n iq u e  i s  n o t a lw ay s  

e q u iv a le n t to  th e  e q u il ib r iu m  v a p o r  p r e s s u r e .  T he  d e v ia tio n  f ro m  m a x i

m u m  (o r  e q u i l ib r iu m )  e v a p o ra tin g  p r e s s u r e  can  b e  ta k e n  in to  a c c o u n t by 

in tro d u c tio n  of th e  c o e f f ic ie n t w h ich  i s  c a l le d  th e  v a p o r iz a t io n  c o e f f ic ie n t 

(o r  c o n d e n sa tio n  c o e f f ic ie n t) . U n le s s  th e  v a p o r iz a t io n  c o e f f ic ie n t  i s  i n 

s u r e d  to  be  u n ity , th e  v a p o r  p r e s s u r e  d e te r m in e d  by  th e  L a n g m u ir  t e c h 

n iq u e  is  id e n t ic a l ly  eq u a l to K *P e q u il ib r iu m  w h e re  K, th e  v a p o r iz a t io n  

c o e f f ic ie n t, i s  l e s s  th an  u n ity  an d  h a s  to  b e  d e te r m in e d  e x p e r im e n ta l ly .

In  o r d e r  to  e s ta b l i s h  th e  a c c u r a te  m e a s u r e m e n t  of v a p o r  p r e s s u r e  by 

th e  a p p lic a t io n  o f th e  L a n g m u ir  te c h n iq u e , th e  fo llow ing  r e q u i r e m e n ts  

m u s t  be fu lf i l le d :

(a ) T h e  a c c u r a te  m e a s u r e m e n t  of th e  te m p e r a tu r e  of e v a p o r a 

tin g  s u r f a c e .

(b) T h e  a c c u r a te  d e te rm in a t io n  of s u r f a c e  a r e a  o f e v a p o ra tio n .

(c ) T h e  k n o w led g e  o f m o le c u la r  w e ig h t of e v a p o ra tin g  v a p o r .

In  o r d e r  to  c i r c u m v e n t th e  fo u r th  fu n d a m e n ta l r e q u i r e m e n t  of



th e  K nuds en  te c h n iq u e , V o lm e r (3) m o d if ie d  th e  o r ig in a l  K nuds en t e c h 

n iq u e  so  th a t  th e  m o m e n tu m  of e ffu sin g  v a p o r  a s  w e ll a s  th e  lo s s  o f m a 

t e r i a l  th ro u g h  s m a l l  o r i f ic e s  co u ld  b e  d e te rm in e d . F r o m  th e  k in e tic  th e 

o ry  of g a s e s ,  th e  p r e s s u r e  of v a p o r  i s  r e l a t e d  to  th e  fo rc e  e x e r te d  b y  th e  

e ffu sin g  v a p o r  a s :

dF = — ^  (1)
2

w h e re  P  i s  th e  p r e s s u r e  o f v a p o r  an d  dS i s  th e  o r i f ic e  a r e a  upon w h ich  

th e  f o r c e  i s  e x e r te d .  To d e te rm in e  th e  f o r c e  e x e r te d  by  th e  v a p o r  e ffu 

sin g  th ro u g h  th e  o r i f ic e s ,  th e  e ffu s io n  c e l l  i s  su sp e n d e d  by a  f in e  w ir e  

so th a t  th e  to rq u e  e x e r te d  r e s u l t s  in  th e  ro ta t io n  o f th e  e ffu s io n  c e l l .

I f  th e  f o r c e  a p p lie d  to  th e  to r s io n  w ir e  i s  l e s s  th a n  th a t r e q u i r e d  f o r  p l a s 

t ic  d e fo rm a tio n , th e  to r s io n a l  fo r c e  i s  l i n e a r ly  p ro p o r t io n a l  to  th e  a n g le  

o f ro ta t io n  o b s e rv e d , an d  E q u a tio n  1 c an  b e  w r i t t e n  in  th e  fo llo w in g  fo rm :

P -  (2)
'  (ajq^fj +

w h e re  a^ a n d  a ^  a r e  th e  c r o s s - s e c t i o n a l  a r e a s  o f th e  o r i f ic e  h o le s , 

an d  q^ a r e  th e  p e r p e n d ic u la r  d is ta n c e s  f r o m  th e  c e n te r  of th e  o r i f ic e  

h o le s  to  th e  a x is  o f ro ta t io n  of th e  c e il ,  o*vis th e  a n g le  th ro u g h  w h ich  

th e  c e l l  r o ta te s ,  ^  i s  th e  e x p e r im e n ta l ly  d e te r m in e d  to r s io n  c o n s ta n t  o f 

th e  f ib e r ,  a n d  f^ an d  f^ a r e  th e  c o r r e c t io n  f a c to r s  f o r  th e  e ffe c t o f  c h a n 

n e l  o f h o le s  (4).

In  o r d e r  to  r e l a t e  th e  p r e s s u r e  to  th e  lo s s  of m a te r i a l  th ro u g h



th e  s m a l l  o r i f ic e s ,  th e  K ru d se n  eq u a tio n  i s  d e r iv e d  f ro m  th e  k in e tic  t h e 

o ry  o f g a s e s :

p  _ " ---------G--------
V  y  + ^2^2»

w h e re  R i s  th e  g a s  c o n s ta n t, T i s  th e  a b s o lu te  te m p e r a tu r e ,  G i s  th e  m a s s  

o f e ffu s in g  v a p o r  p e r  u n it  t im e , a^ an d  a^  a r e  th e  c r o s s  - s e c t io n a l  a r e a s  

o f o r i f ic e  h o le s , an d  an d  a r e  th e  t r a n s m is s io n  c o e f f ic ie n ts  {5).

T he t r a n s m is s io n  c o e f f ic ie n t i s  th e  r a t io  of th e  n u m b e r  o f m o le c u le s  e f fu 

s in g  f ro m  th is  c e ll  c o m p a re d  to a  c e l l  of in f in i te s im a l  d ep th  a n d  th e  s a m e  

a r e a .  H o w ev e r, th e  c o r r e c t io n  f a c to r  in  E q u a tio n  2 is  th e  r a t io  o f th e  

f o r c e  r e s u l t in g  f ro m  th e  e ffu s io n  th ro u g h  an  o r i f ic e  of in f in i te s im a l  d ep th  

an d  s a m e  a r e a .  B o th  c o r r e c t io n  f a c to r s  fu n d a m e n ta lly  d if fe r  by  th e  f a c t  

th a t  th e  fo r c e  r e s u l t in g  f ro m  th e  e ffu s io n  d e p en d s  on th e  a n g u la r  d i s t r i 

b u tio n  of e ffu s in g  m o le c u le s  a s  w e ll a s  on th e i r  n u m b e rs .

T h e s e  tw o e q u a tio n s  a r e  s im u lta n e o u s ly , so lv ed  to  o b ta in  th e  

a v e r a g e  m o le c u la r  w e ig h t of e ffu sin g  v a p o r . T h is  m o le c u la r  w e ig h t i s  

r e la te d  to  th e  p a r t i a l  p r e s s u r e s  of s p e c ie s  in  a  m o n o m e r - d im e r  e q u i l i 

b r iu m  by  th e  fo llow ing  eq u atio n :

1 / 2  1 / 2  
PjL + (2) P 2  = (M /M ^) • P  (4)

w h e re  Pj  ̂ i s  th e  p a r t i a l  p r e s s u r e  of m o n o m e r , i s  the  p a r t i a l  p r e s 

s u r e  of d im e r , M i s  th e  m o le c u la r  w e ig h t of th e  e ffu sin g  v a p o r , a n d  

i s  th e  a to m ic  w e ig h t o f m o n o m e r .

E q u a tio n  4 th u s  y ie ld s  th e  p a r t i a l  p r e s s u r e  of bo th  s p e c ie s .



S in ce  p r e s s u r e  e q u il ib r iu m  i s  e s ta M i^ e c S  in  & e  c e ll ,  th e  m o le c u la r  

w e ig h t of th e  v a p o r  in s id e  of c e i l  i s  (d e te rm in ed  f ro m  E q u a tio n  5:

= (P^M^ + (5)

w h e re  M. i s  th e  a to m ic  w e ig h t of th e  nzmmomer, an d  M 2  i s  th e  m o le c u la r  

w e ig h t o f  th e  d im e r .  I f  no  m o r e  tham to ©  s p e c ie s  a r e  p r e s e n t  in  s ig n if i 

c a n t a m o u n ts  in  th e  p u r e  m e ta l l ic  ■va:pS)Tr„ th e  v a p o r  p r e s s u r e  o f e ac h  s p e 

c ie s  can  b e  d e te rm in e d . T h e  te c îm lg n e  c a n  b e  d e s c r ib e d  a s  th e  to r s io n -  

K n u d sen  e f fu s io n - r e c o i l  m e th o d . ïEtetaiTIecf e s p e r im e n ta l  in fo rm a tio n  i s  

a v a ila b le  f ro m  th e  r e c e n t  w o rk  of Prafltt a n d  A ld re d  (6), R o s e n b la tt  an d  

B irc h n a l l  (7), M y les  (8), M uniex  a n d  S e a rc y  (9), an d  in  a  l a t e r  c h a p te r  

in  th is  th e s i s .  A lso , e x te n s iv e  r e f e r e n c e  i s  m a d e  by  F r e e m a n  (2) to  p r e 

v io u s  in s t r u m e n ts  an d  r e s u l t s  o b ta ined -

W ith  e q u il ib r iu m  e s ta b l is h e d  h^rw esai th e  m o n o m e r  an d  d im e r  

s p e c ie s  o v e r  a  p u r e  m etail, th e  p x e s s n r e  c f  m o n a to m ic  v a p o r  c a n  b e  r e 

la te d  to  th e  p r e s s u r e  o f d ia to m ic  v a p o r  b y  1he eq u a tio n :

. . a l .

o o
w h e re  i s  th e  e q u il ib r iu m  c o n s ta n t, a n d  aind P 2  a r e  th e  p a r t i a l  

p r e s s u r e s  o f m o n o m e r  a n d  d im e r  in  eg m ilib riu m  w ith  th e  p u r e  m e ta l  

p h a s e . L ik e w is e , fo r  th e  a llo y  th e  ©qmmilibrtum c o n s ta n t  c an  b e  w r i t te n  

a s :



w h e re  a n d  a r e  p a r t i a l  p r e s s u r e s  off tffiae m o n o m e r  a n d  d im e r  in. e q u i

l ib r iu m  w ith  an  a llo y .

A ssu m in g  th a t  Üie v a p o r  b e h a v e s  a s  a n  id e a l  g a s , th e  A ie rm o d y 

n a m ic  a c t iv i ty  o f a  c o n s t i tu e n t  " i"  in  a  seii.d  o r  l iq u id  so lu ü rm  i s :

o ® 1/ Z
a. = ( P i / P i )  = (P 2 //F 2 )) m

T h e  to r s io n -K n u d s e n  e f fu s io n - re c m i te c h n iq u e  w a s  ■■esnipEoyed 

in  th is  s tu d y  to  d e te r m in e  v a p o r  p r e s s u r e  a n d  v a p o r  a to m ic ity  o>£ b is m u th  

a n d  le a d  in  th e  t e m p e r a tu r e  ra n g e  to  10OO°K. An a u to m a tic  c o n 

t r o l l in g  - r e c o rd in g  m ic r o b a la n c e  s y s te m  w a s  u s e d  to  in c r e a s e  bo th  c o n 

v e n ie n c e  a n d  p r e c is io n .  T h is  te c h n iq u e  w a s  a ls o  u s e d  fo r  m e a s u re m e n t  

of th e rm o d y n a m ic  a c t iv i t ie s  in  th e  s i lv e r -M s m u th  l iq u id  a l lo y s .

R ev iew  of th e  l i t e r a t u r e

V a p o r P r e s s u r e  o f  M e r c u ry

In  th e  a p p lic a tio n  o f th e  to rs io n -E n iu d sen  e f f u s io n - r e c o i l  t e c h 

n iq u e , m a n y  m e a s u r e d  q u a n ti t ie s  a r e  u s e d  to  d e te r m in e  Ih e  p r e s s u r e .

In  o r d e r  to  a v o id  an y  s y s te m a t ic  e r ro r ,,  th e  a p p a r a tu s  m u s t  b e  c h e c k e d  

a g a in s t  a  m a te r i a l  w ith  a  w e ll-k n o w n  v a p o r  p r e s s u r e .  A lso  th e  c a l i b r a 

tio n  of th e  r e c o r d e r  in  th e  m ic ro b a la n c e  s y s te m  i s  n e c e s s a r y  to  d e t e r 

m in e  w h a t m a s s  ch an g e  c o r r e s p o n d s  to  s c a le  def1.ecti.Dn. M e r c u ry  

w a s  c h o se n  fo r  th e  p u rp o s e  of calibratoosm a n d  so a  b r i e f  re v ie w .o f  th e  

l i t e r a t u r e  on m e r c u r y  v a p o r  p r e s s u r e  i s  r e q u ir e d .
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In  th e  low  t e m p e r a tu r e  ra n g e , fo u r  p r in c ip a l  in v e s t ig a t io n s  

e m p lo y in g  th r e e  d if f e r e n t  te c h n iq u e s  show ed  e x c e lle n t  a g re e m e n t  in  th e  

s ta n d a r d  h e a t  o f  v a p o r iz a tio n  c a lc u la tc i  by th e  th i r d  law  m e th o d . T a b le  I

T A B L E  I

S T A N D A R D  H EA T S O F  V A PO H IZA TIO N  O F M ER C U R Y

S o u rc e  Y e a r  T e ch n iq u e  ( c a l /g - a to m )

N e u m an n  an d  V o lk e r  (10) 1932 K nuds en 14, 716 (+ 53)

M a y e r  (12) 1931 T o rs io n a l 14, 715 (+ 8)

E g e r  to n  (13) 1917 K nuds an 14, 734 (+ 65)

E m s b e r g e r  an d  P i tm a n  (14) 1955 M a n o m e te r 14, 660 (+ 4)

H u l tg r e n 's  s e le c te d  v a lu e  (15) 14, 691 (+ 13)

show s th e  s ta n d a rd  h e a ts  of 'vaporizaltioœi by fo u r  d if f e r e n t  in v e s t ig a to r s .  

V a lu e s  o f v a p o r  p r e s s u r e  d e te rm in e d  by  E m s b e r g e r  a n d  P i tm a n  a r e  

h ig h e r  th a n  th e  v a lu e s  d e te rm in e d  b y  th e  th r e e  p re v io u s  in v e s t ig a to r s .

T h e s e  e a r l i e r  w o rk e r s ,  u s in g  th e  K nuds en  o r  to r s io n a l  te ch n iq u e , im 

p r o p e r ly  t r e a t e d  o r  ig n o re d  th e  cbammel e ffe c t c o r r e c t io n  f a c to r  f o r  th e  

o r i f ic e .  H en ce , th e r e  i s  a  p o s s ib i l i ty  th a t  th e  v a p o r  p r e s s u r e  m a y  be  

h ig h e r  th a n  th e y  r e p o r te d .  F u r th e rm o ire *  E m s b e r g e r 's  an d  P i tm a n 's  

v a p o r  p r e s s u r e s a r e  v e ry  p r e c i s e ;  in d iv id u a l p r e s s u r e  p o in ts  do n o t d e v i

a te  by m o r e  th a n  0. 8 p e r c e n t  f ro m  th e  l e a s t  s q u a r e s  eq u a tio n , an d  a lso  

, t h e i r  c la im e d  u n c e r ta in t ie s  a r e  fa x  l e s s  th a n  in  an y  o th e r  p u b lish e d  r e p o r t s .



E m s b e r g e r  an d  P i tm a n  c o r r e l a t e d  th e i r  d a ta  w ith  th e  fo llo w in g  eq u atio n : 

L og  P  (m ic ro n s )  = 11. 0372 - 3, 2 0 4 /T  (9)

T he  c a lc u la te d  v a lu e  of v a p o r  p r e s s u r e  a t  30°C  by  B u se y  cind 

G iaque  (16) i s  a p p ro x im a te ly  tw o p e r c e n t  h ig h e r  th a n  th e  e x p e r im e n ta l  

d e te rm in a tio n  of E m s b e r g e r  an d  P i tm a n . An u n c e r ta in ty  o f 1. 0 to  1. 2 

p e r c e n t  w ou ld  be e x p ec te d  in  th e  c a lc u la te d  p r e s s u r e ,  th e  m a jo r  p o r t io n  

o f th is  u n c e r ta in ty  be in g  due to  th e  la c k  of know ledge  of th e  g a s  im p e r 

fe c tio n  of m e r c u r y  a t  th e  b o ilin g  p o in t an d  th e  h ig h  p r e s s u r e  (14). At 

l e a s t ,  u n ti l  so m e th in g  m o re  is  know n c o n c e rn in g  th e  g a s  im p e r fe c t io n  

of m e r c u r y  a t  th e  h igh  p r e s s u r e ,  th e  v a lu e s  of v a p o r  p r e s s u r e  d e t e r 

m in e d  by  E m s b e r g e r  an d  P i tm a n  a r e  p r e f e r r e d  an d  w e re  u t i l iz e d  fo r  

th is  s tu d y .

V ap o r P r e s s u r e  of L e a d

S in ce  th e  v a p o r  p r e s s u r e  o f le a d  in  th e  t e m p e r a tu r e  ra n g e  of 

c o n c e rn  in  th is  s tu d y  i s  v e ry  s im i la r  to  th a t of b ism u th ,, le a d  w as  s e 

le c te d  to  c h ec k  th e  h igh  te m p e r a tu r e  p e r fo rm a n c e  of th e  c a l ib r a te d  a p 

p a r a tu s .  In  th e  ra n g e  of r a th e r  h ig h  te m p e r a tu r e ,  1200°K  to  1600°K, 

v e ry  e x te n s iv e  s tu d ie s  on th e  v a p o r  p r e s s u r e  of le a d  h a v e  b een  p e r 

fo rm e d . E x c e p t fo r  v e ry  o ld  in v e s t ig a t io n s , th e  r e p o r te d  d a ta  on th e  

th i r d  law  v a lu e s  of a r e  s u m m a r iz e d  in  T a b le  II.

Two v a p o r p r e s s u r e  in v e s t ig a t io n s  w e re  found in  th e  l i t e r a t u r e

o o
fo r  th e  te m p e r a tu r e  ra n g e  f ro m  800 K to  1050 K. E g e r  to n  (13) d e te rm in e d
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TABLE n

STANDARD H E A T S  O F V A PO R IZA T IO N  O F L E A D  A T  298°K

S o u rc e
T e m p e r a tu r e  

Y e a r  R an g e  °K  A H 2 g g (k c a l /g -a to m )

E g e r to n  (13) 1923 800-1050 47 .17  ( + 0 .2 )

R o d eb u sh  an d  D ixon 1925 1400-1600 46. 81 (+ 0. 05)

1928 1400-1500 46. 73 (+ 0. 05)

H a r te c k  (19) 1928 1350-1500 46. 48 (+ 0. 25)

B a u e r  an d  B ru n n e r  (20) 1934 1300-1600 46. 37 (+ 0 .3 )

G ra n o v sk a y a  an d  L u b m io v  (21) 1953 1200-1490 46. 82 (+ 0. 8)

In g o ld  (22) 1922 1200-1610 45. 59 (+ 0. 65)

A ld re d  an d  P r a t t  (23) I9 6 0 800-1050 46. 81 ( + 0 .2 )

H u l tg r e n 's  s e le c te d  v a lu e  (15) 46 . 60 (+ 0. 3)

S tu ll a n d  S in k e 's  s e le c te d

v a lu e  (24) 46. 80

th e  v a p o r  p r e s s u r e  em p lo y in g  th e  K nuds en  te c h n iq u e . E g e r  to n  d id  n o t 

m a k e  a  c o r r e c t io n  fo r  a  f in i te  o r i f i c e  le n g th , an d  th e r e f o r e ,  h is  r e p o r te d  

v a p o r  p r e s s u r e  c u rv e  i s  u n ifo rm ly  lo w . E g e r to n 's  e a r ly  w o rk s  m a y  b e  r e 

c a lc u la te d  to  b r in g  th e  v a p o r  p r e s s u r e  c u rv e  to  h ig h e r  v a lu e s  by  in t r o d u c 

ing  th e  t r a n s m is s io n  c o e f f ic ie n t f o r  th e  c h a n n e l e ffe c t o f th e  o r i f i c e .  E g e r -  

ton  a ls o  found  th a t  p ro lo n g e d  e ffu s io n  r e s u l te d  in  a  lo w e rin g  o f th e  p r e s s u r e ;  

h en ce , h e  c o u ld  n o t r u le  o u t th e  p o s s ib i l i ty  th a t  a  s o u rc e  o f e r r o r  m a y  e x is t
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due to  u u d e r s a tu r a t io n  in  th e  e ffu s io n  c e l l .  A c c o rd in g  to  h is  r e p o r t ,  th e  

r a t io  o f e v a p o ra tin g  s u r f a c e  to  e ffu s io n  h o le  a r e a  is  e s t im a te d  to  b e  l e s s  

th a n  te n  a n d  a s s u m in g  th a t  so m e  m in u te  o x id e  c o v e re d  a  p o r t io n  o f  th e  

e v a p o ra tin g  s u r f a c e ,  th e  r a t io  c o u ld  b e  e v en  s m a l le r .  E g e r to n " s  e s ç e r i -  

m e n t show ed  th a t  d if f e r e n t  q u a n tit ie s  o f le a d  in  th e  c e l l  p ro d u c e d  th e  i n 

c o n s is te n t  v a lu e s  o f p r e s s u r e ,  r e v e a l in g  th e  p o s s ib i l i ty  of u n d e r  s a t u r a 

tio n  in  th e  c e l l .

A s a  p a r t  of an  e x te n s iv e  s tu d y  on th e  th e rm o d y n a m ic  p r o p e r 

t i e s  of a l lo y s , A ld re d  and  P r a t t ,  1961, (23) d e te rm in e d  th e  v a p o r  p r e s 

s u r e  o f le a d  by  em p lo y in g  th e  to r s io n a l  e ffu s io n  te c h n iq u e . ï h e i r  r e 

p o r te d  d a ta  o f v a p o r  p r e s s u r e  show  so m e  a g re e m e n t  w ith  ih o s e  v a lu e s

d e te rm in e d  by  E g e r to n  a t  a  lo w e r  t e m p e r a tu r e  ra n g e , a p p ro x im a te ly  880°K  

o
to  920 K . H o w ev e r, d is a g r e e m e n ts  c a n  b e  o b s e rv e d  bey o n d  ih o s e  te m 

p e r a tu r e s .  A ld re d  an d  P r a t t 's  v a p o r  p r e s s u r e  d a ta  a r e  n o t a v a i la b le  in  

th e  l i t e r a t u r e .  I f  th e  s ta n d a rd  h e a ts  o f v a p o r iz a t io n  a r e  c a lc u la te d  b y  

m e a n s  o f th e  th i r d  law  m e th o d  b y  u s in g  c h o se n  p o in ts  o f th e  r e p r e s e n te d  

e q u a tio n , o n e  c an  s e e  a  d e f in ite  t r e n d  w ith  t e m p e r a tu r e .  F o r  th i s  t r e n d  

w h ich  i s  o b s e r v a b le  in  th e  t e m p e r a tu r e  ra n g e  880°K  to  105©°K,

 ̂ o , -7
A H  = 4 7 .2 5  k c a l /g - a to m  a t  5 .3 7  x  10 a tm

(880°K )
-  46. 42 k c a l /g - a to m  a t  5. 22 x  10"^ a tm

(1050°K)

T h e s e  v a lu e s  a r e  c a lc u la te d  by th e  t h i r d  law  m e th o d  on th e  b a s i s  o f  S tu ll 

a n d  S in k e 's  ta b u la te d  v a lu e s  of th e  f r e e - e n e r g y  fu n c tio n  (24). I f  i t  i s
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a s s u m e d  th a t  a  re a s o n a b ly  a c c u r a te  f r e e  e n e rg y  fu n c tio n  o f le a d  i s  ta b u 

la te d  in  th e  ab ove  te m p e r a tu r e  ra n g e , A ld re d  and  P r a t t ' s  eq u a tio n  fo r  

th e  v a p o r  p r e s s u r e  o f le a d  s e e m s  to  r a i s e  th e  p o s s ib i l i ty  of a  t e m p e r a 

tu r e  d e p en d e n t e r r o r .  M o re  d is c u s s io n s  a r e  p ro v id e d  a b o u t th is  m a t t e r  

in  a  l a t e r  c h a p te r .

H u ltg re n  e t a l .  (15) l i s t e d  th e  v a lu e  o f th e  s ta n d a rd  h e a t  o f  v a p o r 

iz a t io n  o f le a d  to  be  46. 60 k c a l /g - a to m , g iv ing  th e  m o s t  w e ig h t to  th e  

d a ta  of H a r te c k  (19) a n d  tw o s e ts  o f d a ta  by  R o d eb u sh  an d  D ixon (17, 18).

O n th e  o th e r  han d , S tu ll a n d  S inke w ho l i s t e d  th e  v a lu e  of 46 . 80 k c a l /g - a to m  

h a v e  g iv en  th e  m o s t  w e ig h t to  th e  d a ta  o f R o d eb u sh  an d  D ixon.

V a p o r P r e s s u r e  o f B ism u th  

M any  in v e s t ig a t io n s  h a v e  b e en  m a d e  of th e  v a p o r  p r e s s u r e  of 

b is m u th . H o w ev e r, th e r e  e x is t  tre m e n d o u s  d is c r e p a n c ie s  am o n g  th e  r e 

p o r te d  r e s u l t s .  A p p a re n tly  th e s e  d is c r e p a n c ie s  h a v e  a r i s e n  b e c a u s e  of 

in a d e q u a te  a p p lic a tio n  of m e a s u r in g  te c h n iq u e s  to  a  c o m p le x  s itu a tio n .

E a r ly  in v e s t ig a t io n  of th e  h e a t  o f d is s o c ia t io n  o f B i^  w a s  c a r 

r ie d  o u t by  Ko (25), em p lo y in g  th e  m o le c u la r  b e am  te c h n iq u e  in  th e  te m -

o o
p e r a tu r e  ra n g e  f ro m  827 C to  947 C . F r o m  th e  s p e c t r a l  d is t r ib u t io n

c u rv e s , th e  r e la t iv e  ab u n d an ce  o f a to m ic  b is m u th  an d  d ia to m ic  b is m u th

m o le c u le s  in  th e  m o le c u la r  b e a m s  i s  r e p o r te d .  In  c a lc u la tin g  th e  h e a t

o f d is s o c ia t io n , th e  e q u ilib r iu m  te m p e r a tu r e s  w e re  ta k e n  a s  th a t  o f th e

o
s l i t  a t  th e  e ffu s io n  c h a m b e r  w hich  w as  a b o u t 24 C ab o v e  th e  te m p e r a tu r e  

o f th e  c ru c ib le .  F o r  th e  c a lc u la tio n  of to ta l  p r e s s u r e ,  c ru c ib le
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t e m p e r a tu r e s  w e re  ta k e n  w ith  am assannniption th a t  p r e s s u r e  e q u ilib r iu m

w a s  e s ta b l is h e d  b e tw een  th e  effeasiram c h a m b e r  an d  th e  c ru c ib le .  I f  a

p r e s s u r e  g ra d ie n t  e x is ts  b e tw een  tfiae re g io n  of th e  s l i t  and  th e  c ru c ib le ,

i t  i s  n o te d  th a t  th e  to ta l  p r e s s u r e  © h s e r re d  is  n o t th e  e q u ilib r iu m  v a p o r

p r e s s u r e .  Ko found  th a t  d ia to m ic  Msnmmth m o le c u le s  c o m p o se  th e  m a jo r

o
f r a c t io n  o f v a p o r up to  900 C amodMs d e te rm in e d  h e a t  of d is s o c ia t io n  i s  

38. 5 0. 6 k c a l /g - a to m  o f B i. (p7 . ® k c a i /g - m o le  B i^).

T h e  to rs io n -K n u d s e n  effmæioam-recoil te c h n iq u e  w as  a p p lie d  by

Y o siy a m a  (26) to  d e te rm in e  th e  v a p o r  p r e s s u r e  o f b ism u th  a n d  i t s  a to m ic •

o  o
i ty  in  th e  t e m p e r a tu r e  ra n g e  64® C  to  700 C. A lthough  h is  r e s u l t s  a r e  

v e ry  p r e c i s e ,  th e  c a l ib ra t io n  of th e  a p p a ra tu s  w a s  n o t p r o p e r ly  t r e a te d ;  

th e  t e r m  x  in  E q u a tio n  2 in  Yosiyamma"s w o rk , th a t  h e  d e fin e d  a s  th e  c h a n 

n e l  c o r r e c t io n  fa c to r ,  w a s  determ iim ed b y  c a l ib ra t in g  a g a in s t  th e  v a p o r  

p r e s s u r e  o f  p o ta s s iu m  c h lo r id e  w ith  th e  a s s u m p tio n  th a t  p o ta s s iu m  c h lo 

r id e  v a p o r  i s  m o n a to m ic . Recemtly„ i t  w as  r e p o r te d  th a t  p o ta s s iu m  

c h lo r id e  v a p o r  w as  c o m p o se d  o f  afeoxmt 11 p e r c e n t  o f d im e r  m o le c u le s  a t  

650°C  (27). I t  i s  a ls o  v e ry  h a r d  to  fflnd th e  p r o p e r  v a lu e  of a  c o r r e c t io n  

f a c to r  f ro m  Y o s iy a m a 's  l im i te d  im to rm atio n  on th e  o r i f ic e  g e o m e try .

O ne can  co n c lu d e  th a t  th e r e  m ustt h e  a  p o s s ib i l i ty  th a t  s y s te m a tic  a n d  

te m p e r a tu r e  d ep en d en t e r r o r s  a r e  im velved in  Y o s iy a m a 's  r e s u l t s .

G ra n o v sk a y a  an d  L u b m io v  ((28)' d e te rm in e d  th e  v a p o r  p r e s s u r e

o o
of b is m u th  in  th e  te m p e r a tu r e  r a n g e  44® C to  705 C, by  u ti l iz in g  th e  

L a n g m u ir  f r e e - e v a p o r a t io n  techmi<gmie. E v en  i f  b o th  th e  s u r f a c e
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t e m p e r a tu r e  an d  th e  s u r f a c e  a r e a  f o r  e v a p o ra tio n  w e re  a c c u r a te ly  d e t e r 

m in e d , & e  k n o w led g e  of a to m ic i ty  in  a d d itio n  to  th e  d e te r m in a t io n  of 

v a p o r iz a t io n  c o e f f ic ie n t i s  r e q u i r e d  to  e v a lu a te  th e  e q u il ib r iu m  v a p o r  

p r e s s u r e .  T he  m e a s u r e d  to ta l  p r e s s u r e  b y  G ra n o v sk a y a  an d  L u b m io v  

iscXj^Pj 4r 2 ^2 ' w h e re  a n d  a r e  th e  e q u il ib r iu m  v a p o r  p r e s s u r e s  of 

m o n o m e r  an d  d im e r , 0< an d  a r e  v a p o r iz a t io n  c o e f f ic ie n ts  o f m o n o m e r  

a n d  d im e r .  In  th e  c a s e  o f b is m u th  v a p o r  b o th  an d  0 ( 2  a r e  u n lik e ly  to  

b e  u n ity  a n d  a ls o  a r e  c o n s id e re d  to  b e  te m p e r a tu r e  d e p e n d e n t. M a r t in -  

k e v ic h  (29) r e p o r te d  th e  m a s s  s p e c t r o m e t r i c  in v e s t ig a tio n  on th e  r e la t iv e  

ab u n d an c e  o f m o n o m e r  io n s  an d  d im e r  io n s  in  th e  te m p e r a tu r e  ra n g e

340°C  to  9 0 0 °C . A m a x im u m  o f th e  c u rv e  o f a t  a p p ro x im a te ly

o o
500 C w a s  o b s e rv e d , and  th e  p ro p o r t io n  o f th e  r a t io  w a s  z e r o  a t  3 '0  C.

T h e r e f o r e ,0 ^ 2  i s  c le a r ly  show n to  b e  l e s s  th a n  u n ity  up  to  500°C , in d ic a 

tin g  th a t ^ ^ 2  i s  t e m p e r a tu r e  d e p en d e n t. A t p re sen tcX ^  a n d  c < 2  a s s o c ia te d  

w ith  e v a p o ra tio n  of b is m u th  l iq u id  c a n n o t b e  d e te r m in e d  f ro m  M a r t in k e -  

v ic h ’s  d a ta , bu t a  m a x im u m  of th e  c u rv e  o f i l l u s t r a t e s  o ne  of th e

c o m p le x itie s  in tro d u c e d  in to  th e  e v a p o ra tio n  k in e t ic s  o f b is m u th  liq u id .

T h e  m e a s u r e d  p r e s s u r e  by  G ra n o v sk a y a  an d  L u b im io v  c e r ta in ly  h a s  to  

b e  re e v a lu a te d .

T h e  K nuds en te c h n iq u e  w a s  e m p lo y e d  by  O 'D o n n e ll (30) to  d e t e r 

m in e  d ie  v a p o r  p r e s s u r e  of b is m u th  in  th e  t e m p e r a tu r e  r a n g e  682°K  to 

771^'K. H e  u s e d  ra d io a c t iv e  b is m u th  210 in  o r d e r  to  im p ro v e  th e  s e n s i 

t iv i ty  o f  th e  v a p o r  p r e s s u r e  d e te rm in a tio n . In  a n a ly z in g  h is  d a ta , h e
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a s s u m e d  th a t  th e  m o le c u la r  w e ig h t o f b is m u th  in  th e  t e m p e r a tu r e  ra n g e  

o o
682 K  to  771 K i s  418, i .  e . , th e  m o le c u la r  w e ig h t of d ia to m ic  b ism u th . 

A lthough  d ia to m ic  b ism u th  i s  b e l ie v e d  to  b e  p re d o m in a n t a t  th o s e  t e m 

p e r a tu r e s ,  O 'D o n n e ll 's  assu m p tio D  w o u ld  r e s u l t  in  h ig h  c a lc u la te d  v ap o r 

p r e s s u r e s .

B r a c k e t t  an d  B re w e r  (31) h a v e  a t te m p te d  to  so lv e  th e  d is c r e p e n -  

c ie s  th a t  e x is t  in  th e  v a p o r  p r e s s u r e  o f b is m u th . O b se rv in g  th a t  th e  

e v a lu a tio n  of th e  h e a t  o f v a p o r iz a t io n  o r  e n e rg y  of d is s o c ia t io n  f ro m  th e  

s lo p e  m e th o d  i s  l ia b le  to  e r r o r s  d u e  to  in a c c u r a te  te m p e r a tu r e s ,  th e y  

e v a lu a te d  th e  d is s o c ia t io n  of e n e rg y  o f  B ig by  th e  a p p lic a t io n  of th e  

th i r d  law  m e th o d  to  be  4 7 .1  k c a l /g - m o le  o f B ig f ro m  th e  c o r r e la t io n  of 

th r e e  d if f e r e n t  in v e s t ig a t io n s  (Ko, Y o siy am a , and  L e u  (37)). I t  i s  n o te d  

th a t  th e  e s t im a te d  v a lu e  by  B r a c k e t t  an d  B re w e r  is  q u ite  d if f e r e n t  f ro m  

th e  s p e c t ro s c o p ic  d a ta  o f A lm y  a n d  S p a rk s  (32), th a t  i s ,  39. 6 k c a l /g - m o le  

of Big.

In  th e  s tu d y  of th e rm o d y n a m ic  p r o p e r t i e s  on  th e  u r a n iu m - b i s 

m u th  a llo y s , C o s g a re a  (33) d e te r m in e d  an  a p p a re n t  h e a t  of v a p o r iz a tio n  

of a to m ic  b is m u th  and  d ia to m ic  b ism u th  by  u t i l iz in g  th e  o p tic a l  a b s o r p 

tio n  m e th o d . T he te c h n iq u e  w a s  u t i l iz e d  to  m e a s u r e  th e  th e rm o d y n a m ic  

a c t iv i t ie s  o f  a llo y s , an d  bo th  Üxe a to m ic  b ism u th  an d  d ia to m ic  b ism u th  

w e re  d e te c te d  by o b s e rv in g  th e  a b s o rp t io n  e n e rg y  a t  th e  a to m ic  a b s o r p 

tio n  l in e  an d  th e  band  h e a d  fo r  th e  d im e r  r e s p e c t iv e ly .  T he  te c h n iq u e  

r e q u i r e s  n e i th e r  a  k n ow ledge  o f th e  a b so lu te  p r e s s u r e  of b is m u th  o r  th e
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d is tr ib u t io n  of a to m ic  bisi; m th an d  d ia to m ic  b ism u th . R ic e  (34) u n r a v 

e led  th e  " in te r c e p t  c o n tr ib u tio n "  to  C o s g a re a 's  a to m ic  b is m u th  v a p o r  

p r e s s u r e  d a ta  an d  r e d e te r m in e d  th e  h e a t  o f d is sp g ia tio n  to  b e  49. 8 k c a l /  

g -m o le . T h e  o p tic a l  a b s o rp tio n  te c h n iq u e  d o es  n o t y ie ld  a  t r u e  p r e s s u r e  

w ith o u t e la b o r a te  c o r r e c t io n s  b u t o n ly  a  q u a n tity  p ro p o r t io n a l  to  th e  p r e s 

s u r e .  H en ce , a  h ig h  d e g re e  of a c c u ra c y  i s  n o t e x p ec te d  in  th e  en th a lp y  

of v a p o r iz a tio n  by  th e  seco n d  law  m e th o d .

D en iso n  (35) d e te rm in e d  th e  v a p o r  p r e s s u r e  and  a to m ic i ty  of 

b ism u th  by  th e  to rq u e -K n u d s en e ffu s io n  m e th o d . H is  r e s u l t s  on b is m u th  

a r e  in c o n c lu s iv e .

R e c e n tly , A ld re d  an d  P r a t t  (36) d e te rm in e d  th e  v a p o r  p r e s s u r e  

of b ism u th  in  th e  s e r i e s  of s tu d ie s  on th e rm o d y n a m ic  p r o p e r t ie s  of a llo y s  

by  u ti liz in g  th e  to r s io n a l  e ffu s io n  te c h n iq u e . T h e ir  c u rv e  o f v a p o r  p r e s 

s u r e  i s  s l ig h tly  h ig h e r  th an  th a t  o f Y o s iy am a  b u t r e m a in s  lo w e r  th a n  th e  

e x tra p o la te d  c u rv e  f ro m  O 'D o n n e ll 's  v a p o r  p r e s s u r e  c u rv e . A ld re d  and  

P r a t t  a ls o  d e te rm in e d  th e  h e a t  of d is s o c ia t io n  of d ia to m ic  b is m u th  to  be 

47. 5 k c a l /g r a m  of B i 2  by  th e  c o r r e la t io n  of th e  K nuds en m e a s u r e m e n ts  

of th e  s a m e  t e m p e r a tu r e s .  M o re  d e ta i le d  d is c u s s io n s  a r e  p ro v id e d  in  

th e  l a t e r  c h a p te r .

T he S i lv e r -B is m u th  S y s tem  

T h e  l i  qui dus t e m p e r a tu r e s  of th is  s y s te m  w e re  d e te r m in e d  by 

H ey  co ck  an d  N e v ille  (38), P e t r e n c o  (39), an d  N a th an s  and  L e id e r  (40). 

P e tr e n c o  r e p o r te d  a  e u te c tic  a t  262°C  an d  95. 3 a to m ic  p e r c e n t  b ism u th
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o
a n d  m o re  r e c e n t ly  N a th a n s  an d  L e id e r  r e p o r t  a  e u te c tic  a t  262. 5 C an d  

95. 05 a to m ic  p e r c e n t .  A  p o r tio n  of liq u id u s  t e m p e r a tu r e s  in  th is  s y s te m  

w a s  a ls o  d e te rm in e d  by K lep p a  (41). T h e s e  r e p o r te d  r e s u l t s  of liq u id u s  

te m p e r a tu r e  a r e  in  f a i r ly  good a g re e m e n t.

T he  so lid u s  te m p e r a tu r e  of th is  s y s te m  h a s  n o t b een  s tu d ie d  a s  

m u c h  a s  th e  liq u id u s  t e m p e r a tu r e s .  A lthough  d is a g r e e m e n ts  in  th e  r e 

s u lts  of so lid u s  t e m p e r a tu r e  w e re  found, i t  i s  a g r e e d  th a t  a  r e t r o g r a d e  

s o lid  s o lu b ili ty  i s  e x h ib ite d  a t  a p p ro x im a te ly  3 a to m ic  p e r c e n t  b ism u tli , 

K lep p a  (46) d e te rm in e d  h e a ts  o f fo rm a tio n  of liq u id  a llo y s , in  

th e  c o m p o s itio n  ra n g e  f ro m  67 to  98 a to m ic  p e r c e n t  b ism u th , a t  723°K , 

u t i l iz in g  th e  c a lo r im e t r i c  te c h n iq u e . R e s u l ts  in d ic a te  th a t th e  m a x im u m  

of th e  h e a t  of fo rm a tio n  o c c u r s  a t  80 a to m ic  p e r c e n t  b ism u th , w h ich  

a m o u n ts  to  340 c a l /m o le .

A lso , B o n n ie r  an d  D es r e  (42) c a lc u la te d  th e  a c t iv i t ie s  o f s i lv e r  

s e m i - e m p i r ic a l ly  a t  1323°K . T hey  a p p lie d  L u m s d e n 's  eq u a tio n  fo r  th e  

e x c e s s  f r e e  e n e rg y  (47); a t  th e  sa m e  tim e , th e y  a s s u m e d  th a t  th e  id e a l  

law  i s  o b ey ed  w ith in  th e  p r im a r y  s o lid  so lu tio n  of s i lv e r  r ic h  a llo y . In  

a d d itio n  to  th is  a s s u m p tio n , a c c u r a te  d a ta  on  e n th a lp y  of th is  s y s te m  

a r e  n e e d e d  in  o r d e r  to  e s t im a te  a  p a r a m e te r  in  L u m s d e n 's  e q u a tio n  

w h ich  ta k e s  in to  a c c o u n t th e  in te ra c t io n  am o n g  th e  n e x t - n e a r e s t  n e ig h 

b o r  a to m s . B o n n ie r  an d  D e s re  do n o t g iv e  th e  s o u rc e  of th e  e n th a lp y  

d a ta  u s e d  in  th e i r  e s t im a te  of th is  p a r a m e te r .

G re g o rc z y k  (43, 44) d e te rm in e d  th e rm o d y n a m ic  p r o p e r t i e s  by
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th e  m e th o d  of m e a s u r in g  E . M . F .  in  r e v e r s i b le  c e l l s  o f th e  ty p e  A g(s^

LiCl-K Cl A gB i(l) o r  s im i la r  c e l l s  u s in g  th e  c o r re s p o n d in g  b ro m id e .

P o s i t iv e  e x c e s s  e n tro p ie s  o f fo rm a tio n  an d  p o s i t iv e  d e v ia tio n s  f ro m  

R a o u l t 's  law  in  a c t iv i t ie s  of b is m u th  w e re  found  in  th e  te m p e r a tu r e  

r a n g e  f ro m  850°K  to  950°K .

A ld re d  and  P r a t t  (45) d e te r m in e d  a c t iv i t ie s  of b is m n tb  a t  1000°K  

f ro m  th e  m e a s u r e d  to ta l  p r e s s u r e  of b ism u th . T h e  e q u ilib r iu m  c o n s ta n t  

of r e a c t io n  B i 2 (g) = 2B i(g ) w a s  c a lc u la te d  f ro m  th e  f r e e  e n e rg y  fu n c tio n  

ta b u la te d  by  H u ltg re n  (15) an d  u s in g  a  v a lu e  o f = 47 . ® k c a l /m o le

of B ig  fo r  th e  d is s o c ia t io n  of B ig . S in ce  th e  p a r t i a l  e n tro p ie s  o f b is m u th  

w e re  w id e ly  s c a t te r e d ,  th e y  o b ta in e d  a c t iv i t ie s  o f s i lv e r  b y  th e  G ib b s - 

D uhem  in te g ra t io n  a t  1000°K  an d  c a lc u la te d  th e  p a r t i a l  f r e e  e n e r g ie s  o f 

s i l v e r  a t  p o in ts  a lo n g  th e  liq u id u s  c u rv e  by  th e  a s s u m p tio n  th a t  R a o u ltia n  

b e h a v io r  in  th e  s i l v e r - r i c h  s o lid  so lu tio n  b e in g  fo llo w ed . T h e  p a r t i a l  

e n tro p ie s  of s i lv e r  w e re  th u s  c a lc u la te d  f ro m  a d if fe re n c e  in  tw o d if f e r e n t  

p a r t i a l  f r e e  e n e r g ie s  a t  1000°K  an d  th e  liq u id u s  te m p e r a tu r e s .  A c tiv i t ie s  

of b is m u th  in d ic a te  a  p o s i t iv e  d e v ia tio n  f ro m  R a o u l t 's  law  in  th e  re g io n  

of b is m u th  r ic h  s id e  o f l iq u id  a llo y , b u t a  n e g a tiv e  d e v ia tio n  f ro m  R a o u l t 's  

law  i s  found  in  th e  re g io n  of s i lv e r  r ic h  s id e .



C H A P T E R  n

E X P E R IM E N T

E x p e r im e n ta l  A p p a ra tu s

T he  p r in c ip a l  e x p e r im e n ta l  a p p a r a tu s  c o n s is ts  of:

(1) a  v acu u m  c h a m b e r , a  v acu u m  s y s te m , a n d  a  h e a tin g  fu rn a c e ,

(2) an  e ffu s io n  c e l l  an d  i t s  su sp e n d in g  s y s te m , a n d

(3) a  q u a r tz  m ic r o b a la n c e  an d  i t s  a u to m a tic  c o n tro ll in g  s y s te m . 

A  d ia g ra m  of a p p a r a tu s  i s  show n in  F ig u r e  1.

V acu u m  C h a m b e r , V acuum  S y s tem , an d  H e a tin g  F u r n a c e

T he  e v ac u a tin g  s y s te m  c o n s is ts  of a  f r a c t io n in g  o i l  d iffu sio n  

pum p  (ty p e  PM C  115, C o n so lid a te d  V acuum  C o. ) b a ck e d  up by  a  m e c h a n 

ic a l  v a cu u m  pum p  (W elch D u o -S e a l N o. 1402 B ). T he  h ig h  v acu u m  s id e  

of th e  o il  d iffu s io n  pum p i s  c o n n e c te d  th ro u g h  a  s m a l l  s id e  a r m  o f th e  

v e r t i c a l  c h a m b e r  w h ich  i s  25 m m  in  d ia m e te r .  T he u p p e r  s e c t io n  of a  

p y r e x  tu b e  i s  6 cm  in  d ia m e te r  an d  40 cm  in  le n g th . T he s id e  a r m  w hich  

c o n ta in s  th e  q u a r tz  m ic ro b a la n c e  i s  a ls o  m a d e  of p y re x . T h is  tu b e  is  

6 cm  in  d ia m e te r  and  15 cm  lo n g . T he b r a s s  f la n g e  i s  w ax ed  b y  m e a n s  

of A p iezo n  W w ax  on to th e  v e r t i c a l  p y re x  tu b e . T he  u p p e r  en d  of th e
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c h a m b e r  i s  c lo s e d  by a  b r a s s  p la te  r e s t in g  f r e e ly  on  a n  O - r in g .  T he 

lo w e r  s e c tio n  of th e  c h a m b e r  c o n s is t s  o f a  fu s e d  q u a r tz  tu b e  w h ich  i s  5 cm  

in  d ia m e te r  a n d  55 cm  long  an d  i s  c lo s e d  a t  th e  lo w e r  end . T h e  u p p e r  end  

i s  V a x e d  in to  a  b r a s s  fla n g e  w h ich  i s  a  m a tin g  f la n g e  to  th e  end  on th e  

lo w e r  end  of th e  u p p e r  s e c tio n  o f th e  c h a m b e r . T h e  u p p e r  a n d  lo w e r  

h a lv e s  o f th e  c h a m b e r  a r e  b o lte d  to g e th e r  a n d  th e  s e a l  i s  p ro v id e d  by  an  

O - r in g .  T he  jo in t  b e tw ee n  th e  s e c t io n s  o f c h a m b e r  i s  w a te r  c o o le d  so 

a s  to  k eep  th e  u p p e r  s e c tio n  o f th e  c h a m b e r  f ro m  b e co m in g  to o  h o t.

S e r io u s  c o n s id e ra t io n s  w e r e  g iv e n  to  p re v e n t  v ib ra t io n s  o r  any  

sh o ck  f ro m  th e  v acu u m  pum p  o r  a n y  e x te r n a l  s o u rc e s ;  d i r e c t io n  p r o p a g a 

tio n  of v ib ra t io n  due to  th e  m e c h a n ic a l  pu m p to  th e  c h a m b e r  w a s  d r a s t i 

c a lly  r e d u c e d  by  m e a n s  of a lo n g  r u b b e r  c o n n e c tio n s  a n d  b ro n z e  b e llo w s . 

T he g la s s  s y s te m  h a s  a  sh o ck  m o u n ts  to  m in im iz e  v ib ra t io n  f r o m  th e  

f r a m e .  T he  w h o le  s y s te m  is  s u p p o r te d  b y  th e  f r a m e w o rk  w h ich  i s  f i r m ly  

fa s te n e d  a g a in s t  th e  w a ll of th é  b u ild in g .

T he  v acu u m  c h a m b e r  i s  h e a te d  b y  a  s p l i t  w ound r e s i s t a n c e  f u r 

n a c e  (type  M K -3  010-S H evi D uty  E le c t r i c  C o. ) w h ich  f i t s  a ro u n d  th e  lo w e r  

s e c tio n  of th e  c h a m b e r . T he fu r n a c e  h a s  th r e e  s p l i t  w in d in g s - - tw o  end 

w in d in g s  a r e  8  cm  long  and  th e  c e n te r  w in d in g  i s  1 0  cm  lo n g  g iv in g  a  to ta l  

h e a tin g  le n g th  o f 26 cm . T he s p a c e  b e tw ee n  th e  lo w e r  c h a m b e r  s e c tio n  

an d  fu rn a c e  w in d in g s  a t  each  end  o f th e  fu rn a c e  i s  f i l le d  w ith  c e r a m ic  

r e f r a c to r y  f ib e r  so a s  to  re d u c e  h e a t  l o s s  th ro u g h  th e  e n d s .

T he  p o w e r in p u t to  th e  fu r n a c e  i s  c o n tro l le d  by a  W es t m o d e l
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J S B -2  P r o p o r t io n a l  C o n tro l le r  w h ich  c o n tro ls  th e  fu rn a c e  te m p e r a tu r e

to  1°C. T he  te m p e r a tu r e  d is t r ib u t io n  th ro u g h  th e  h e a te d  le n g th  of th e

fu rn a c e  i s  f u r th e r  r e g u la te d  by  a r h e o s ta t  ( ty p e  0656-10 ohm . A llie d  R ad io

C o rp . ) in  s e r i e s  w ith  e ac h  o f th e  th r e e  fu r n a c e  w in d in g s . T h e  fu r n a c e  is

f i t te d  w ith  th r e e  C h ro m e l-A lu m e l th e rm o c o u p le s ;  one  n e a r  th e  top , one

in  th e  c e n te r ,  an d  o ne  n e a r  th e  b o tto m . B y  a d ju s tin g  th e  r h e o s ta ts  th e

m a x im u m  v a r ia n c e  b e tw een  th e  t e m p e r a tu r e  o f th e  th r e e  th e rm c o u p le s

o
can  b e  re d u c e d  to  3 C w h ich  g iv e s  a  l a r g e  zone  in  th e  c e n te r -o f  th e  h e a te d  

le n g th  w h e re  th e  m a x im u m  te m p e r a tu r e  v a r ia t io n  i s  + 1°C .

T he  v a cu u m  c h a m b e r  c an  b e  e v a c u a te d  to  5xl0~^ m m  H g in  24 

h r s .  T he v acu u m  g au g e  u s e d  w ith  th e  s y s te m  i s  a  P h i l l ip s  c o ld  c a th o d e  

t}»pe, th a t  w a s  c a l ib r a te d  w ith  a  M cL eo d  g au g e  in  th e  ra n g e  o f  p r e s s u r e  

10 ^ to  10 ^ m m  H g.

E ffu s io n  C e ll and  S u sp en d in g  S y s tem  

T he  e ffu s io n  c e l l  w ith  two e c c e n t r ic a l ly  lo c a te d  h o le s  i s  su sp e n d e d  

f ro m  a q u a r tz  m ic ro b a la n c e  by a  f in e  to r s io n  f ib e r  an d  a  r ig id  ro d .

T he  e ffu s io n  c e l l s  u s e d  in  th is  e x p e r im e n t  w e re  m a d e  o f g r a p h 

i te  s to c k  (G r a p h - I - T i te  G . , G ra p h ite  S p e c ia l i t ie s  C o rp . ). T h e  o u te r  d i 

m e n s io n  of th e  c e l l s  w e re  ab o u t 1. 7 cm  in  le n g th  a long  th e  o r i f i c e  fa c e  

an d  1. 2 cm  in  w id th  and  h e ig h t. A  s a m p le  w e ll w a s  d r i l le d  le n g th w is e  

in to  th e  c e l l  an d  c lo s e d  by a  s m a l l  p lug  m a c h in e d  f ro m  th e  g ra p h i te  s to c k .

A ty p ic a l  c e l l  w e ig h s  4 -4 . 5 g r a m s .

T he  tu n g s te n  to r s io n  f ib e r  u s e d  i s  a p p ro x im a te ly  0. 002 cm  in
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d ia m e te r  an d  20 cm  in  le n g th . An a lu m in iu m  d isc  (1 cm  d ia m e te r ,  0. 05 

cm  th ic k n e s s )  w as  a t ta c h e d  a t  th e  u p p e r  an d  lo w e r  p a r t  o f th e  to r s io n  

f ib e r  to a id  in  th e  a lig n m e n t of th e  tu n g s te n  w ir e  to  th e  q u a r tz  hook, 

w h ich  i s  h e ld  w ith  epoxy r e s in  to  th e  m ic robalcunce  an d  th e  q u a r tz  ro d  b e 

low . T he ro d  w h ich  i s  a p p ro x im a te ly  0.1 cm  in  d ia m e te r  an d  55 cm  long  

i s  c o n n e c te d  to  th e  e ffu s io n  c e l l  by a  t r i a n g le  k ey  b lo ck . A  s m a l l  g a lv a 

n o m e te r  m i r r o r  (fo ca l le n g th  0. 5 m ) w as  a t ta c h e d  to  th e  ro d  to  m e a s u r e  

th e  a n g le  of d e fle c tio n  o f th e  c e l l  u s in g  a  f ix e d  te le s c o p e  an d  s c a le  (L e e d s  

an d  N o r th ru p  Co. ). E a c h  s c a le  d iv is io n  i s  0. 001 ra d ia n . In  a d d itio n  to  

th e  th e rm o c o u p le s  in  th e  fu rn a c e  a  C h ro m e l-A lu m e l th e rm o c o u p le  i s  l o 

c a te d  in s id e  th e  lo w e r  v acu u m  c h a m b e r  s e c t io n  w ith  th e  h o t ju n c tio n  

a b o u t 0. 5 cm  f ro m  th e  e ffu s io n  c e ll .

T he Q u a rtz  M ic ro b a la n c e  an d  A u to m a tic  C o n tro l S y s te m

T he q u a r tz  m ic ro b a la n c e  i s  c o n s tr u c te d  o f 2 m m  d ia m e te r  fu se d  

q u a r tz  ro d . T he b a la n c e  a r m  i s  a t ta c h e d  to  th e  v e r t ic a l  s u p p o r ts  on 

e i th e r  s id e  of th e  b a la n c e  by fu s in g  th e  q u a r tz .  T he su p p o rtin g  f ib e r s  a r e  

c a re fu l ly  th in n e d  u n til  th e  b a la n c e  h a s  th e  r e q u i r e d  s e n s i t iv i ty .

T he q u a r tz  f ib e r  balcince i s  c o n tin u o u s ly  p o s itio n e d  by  m e a n s  

o f a  m a g n e tic  f o r c e  f ro m  a c o n tro l c o il  on a  b a r  m a g n e t a t ta c h e d  to  th e  

b a la n c e  a r m . P o s i t io n  of th e  b a la n c e  a r m  is  d e te rm in e d  by  a  s e n s e  c o il. 

T h e  s e n s e  c o il i s  a  h ig h  fre q u e n c y , a i r  gap , t r a n s f o r m e r .  A s i lv e r  van e  

a t ta c h e d  to  th e  b a la n c e  a r m  a t  th e  o p p o s ite  end  f ro m  th e  m a g n e t m o v e s  

in  th e  a i r  gap  an d  c h an g e s  th e  coup ling  b e tw een  p r im a r y  a n d  s e c o n d a ry
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o f th e  s e n s e  c o il . T he  s ig n a l f ro m  th e  s e c o n d a ry  c o il  i s  a m p lif ie d  an d  

u s e d  to  g e n e r a te  an  e r r o r  s ig n a l to  a  s e rv o  s y s te m  w h ich  c o n tro ls  th e  

c u r r e n t  to  th e  c o n tro l  c o il . T h u s, an y  m o v e m e n t in  th e  v an e  g e n e r a te s  

a n  e r r o r  s ig n a l w h ich  c a u s e s  th e  v an e  to b e  re p o s i t io n e d  to  z e ro  e r r o r .  

T h e  s e r v o - s y s te m  w h ich  a d ju s ts  th e  c u r r e n t  r e q u i r e d  to  m a in ta in  p r o p e r  

v a n e  p o s it io n  a ls o  o p e r a te s  a  p e n  r e c o r d e r  to  r e c o r d  b a la n c e  c u r r e n t  

in  th e  c o n tro l c o il. A  co n tin u o u s  r e c o r d  of c o n tro l  c o il c u r r e n t  i s  th u s  

o b ta in e d  f ro m  w h ich  r a te  o f  ch an g e  of m a s s  in  th e  b a la n c e  pan  c an  be  

d e te rm in e d  a f te r  s u i ta b le  c a l ib ra t io n . T he p r in c ip le  of o p e ra tio n  i s  

show n in  F ig u r e  2.

A  s im p lif ie d  s c h e m a tic  o f th e  c o n tro l  s y s te m  is  show n in  F ig u r e  

3. T he  c o n t r o l le r  a c tio n  i s  su ch  th a t  th e  b a la n c e  p o s it io n  r e m a in s  c o n 

s ta n t  a s  th e  lo a d  on th e  b a la n c e  c h a n g e s . A  30 KC o s c i l la to r ,  w h ich  is  

a  s im p le  f r e e -r unning m u lt i - v ib r a to r ,  e n e r g iz e s  th e  p r im a r y  of th e  

s e n s e  t r a n s f o r m e r .  (T h e  f re q u e n c y  o f th e  o s c i l l a to r  i s  n o t c r i t i c a l  s in c e  

n e i th e r  th e  p r im a r y  n o r  th e  s e c o n d a ry  of th e  s e n s e  t r a n s f o r m e r  i s  tu n ed . ) 

T h e  v o lta g e  in d u c ed  in  th e  s e c o n d a ry  of th e  s e n s e  t r a n s f o r m e r  i s  d e p e n 

d e n t upon  th e  p o s it io n  of th e  tw en ty  m il  s i lv e r  v a n e  w h ich  is  a t ta c h e d  to  

th e  b a la n c e  a r m  an d  is  f r e e  to  m o v e  in  th e  th re e -e ig h ts  in ch  gap b e tw ee n  

th e  p r im a r y  a n d  s e c o n d a ry  w in d in g s . A s th e  v an e  i s  re m o v e d  f ro m  th e  

gap  du e  to  m a s s  lo s s ,  l e s s  e n e rg y  i s  d is s ip a te d  by th e  eddy c u r r e n ts  

in d u c e d  in  th e  s i lv e r  v a n e  an d  m o r e  e n e rg y  i s  t r a n s f e r r e d  to  th e  s e c o n 

d a r y  o f the  s e n s e  t r a n s f o r m e r .  T he s e c o n d a ry  o u tp u t v o lta g e  i s  a m p lif ie d
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by  th e  f i r s t  h a lf  V -3 , r e c t i f ie d  by  d iode  D -3  an d  fe d  to  th e  in p u t of the  

s e rv o  a m p li f ie r  th ro u g h  th e  se c o n d  h a lf  of V -3  a c tin g  a s  a  c a th o d e  f o l 

lo w e r  to  m a tc h  th e  s e rv o  a m p l i f ie r  in p u t im p e d a n c e . A  r e f e r e n c e  v o l

ta g e  fo r  th e  s e rv o  a m p lif ie r  i s  d ev e lo p ed  in  V - 6  in  th e  s a m e  m a n n e r  

th a t  th e  s ig n a l v o lta g e  i s  d e v e lo p e d  in  V -3 . T he r e f e r e n c e  v o lta g e  is  

b a s e d  on th e  o s c i l la to r  o u tp u t an d  i s  a m p lif ie d  and  r e c t i f i e d  in  th e  sa m e  

m a n n e r  a s  th e  s e c o n d a ry  s ig n a l . 3 y  th is  m e th o d  o f d e v e lo p in g  a  r e f e r 

e n ce  v o lta g e , ch an g es  in  a m p litu d e  of th e  o s c i l l a to r  o u tp u t o r  ch an g e  in  

g a in  of th e  a m p l i f ie r s  due to  c h an g e s  in  p la te  v o lta g e  a r e  c a n c e lle d . A 

p o te n tio m e te r ,  P  3 i s  p ro v id e d  to  a d ju s t  th e  r e f e r e n c e  to th e  s a m e  v a lu e  

a s  th e  s ig n a l v o lta g e  w hen  th e  v an e  i s  th e  p r o p e r  p o s i t io n  b e tw een  the  

s e n s e  t r a n s f o r m e r  w in d in g s . A ny d if fe re n c e  b e tw ee n  s ig n a l and  r e f e r 

e n ce  v o lta g e  i s  a m p lif ie d  to  p ro v id e  a  d r iv e  s ig n a l f o r  th e  r e c o r d e r  s e rv o  

m o to r .  T h is  m o to r  c h an g e s  th e  pen  p o s it io n  and  th e  s e tt in g  of th e  b a l 

a n c e  c o n tro l p o te n tio m e te r , P I .  A  ch an g e  in  th e  s e t t in g  of P  1 ch an g es  

th e  c u r r e n t  th ro u g h  th e  c o n tro l  tu b e  V -2  and  c o n se q u e n tly  th ro u g h  th e  

c o n tro l  c o il.

T he e q u ilib r iu m  p o s it io n  of th e  b a r  m a g n e t m o u n te d  a s  a co u n 

te rw e ig h t  on th e  b a la n c e  a r m  i s  ab o u t 1 cm  below  th e  c o il  a x is .  A ny i n 

c r e a s e  in  c u r r e n t  in  th e  c o n tro l  c o il te n d s  to  fo r c e  th e  m a g n e t to w a rd  

th e  c e n te r  of th e  c o il. T he  m a g n e t ic  f o r c e  i s  d i r e c t ly  p ro p o r t io n a l  to 

th e  c o il  c u r r e n t  fo r  a  g iv en  m a g n e t p o s itio n . T he r e s u l t in g  b a la n c e  m o 

tio n  m o v e s  th e  v an e  w h ich  r e tu r n s  th e  s ig n a l v o lta g e  to  th e  s a m e  v a lu e
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a s  th e  r e f e r e n c e  -rolttage. B y  m e a n s  of th is  c i r o i i t ,  a  n u ll  d e te c to r  s y s 

te m  is  e s ta b l is h e d  wMcB w il l  m a in ta in  th e  v an e  a t  a  c o n s ta n t  p o s it io n  a s  

th e  m a s s  of th e  lo a d  c h a n g e s .

To a d ju s t  th e  b a la n c e  in i t ia l ly ,  a  s e c o n d  c o n tro l  tu b e , V -1 is  

p ro v id e d  w ith  a  m a n u a lly  a d ju s te d  g r id  v o lta g e  f r o m  p o te n t io m e te r  P  2.

P  2 i s  a  te n  tu rn  p o te n i i c m ^ e r  w h ich  a llo w s  th e  c o n tro l  c o il  c u r r e n t  to  

be  a d ju s te d  o v e r  a  w id e  ra n g e  w ith  c o n s id e ra b le  p r e c i s io n .  T h is  m a n u a l 

c o n tro l i s  n e c e s s a r y  s© th a t  th e  v a r io u s  lo a d s  m a y  b e  u s e d  w ith o u t e x 

t r e m e ly  a c c u r a te  d e te rm in a tio n  o f in i t ia l  lo a d . I t  a ls o  a llo w s  th e  m a s s  

ch an g e s  in  a  s a m p le  t© b e  fo llo w ed  th ro u g h  s e v e r a l  fu ll  a u to m a tic  r a n g e s  

w ith o u t f u r th e r  m a s s  a td ju stm ecL  T he  m a g n itu d e  o f th e  c u r r e n t  ch an g e  

in  V -2 , an d  co n seq u en aly  th e  a m o u n t of m a s s  a d ju s tm e n t f o r  th e  b a la n c e , 

i s  l im i te d  by th e  c u r r e n t  c a p a b i l i t ie s  of V -2 .

T he s e n s i t iv i ty  o f  th e  s y s te m  is  d e te rm in e d  by  th e  f o r c e  change  

p o s s ib le  a t  th e  c an trcâ  c o ü  b y  fu ll  ro ta t io n  o f th e  a u to m a tic  c o n tro l p o 

te n t io m e te r  P  1 . T h is , in  tu rn , i s  d ep en d en t upon  th e  v o lta g e  d ro p  a c r o s s  

P  1 w h ich  m a y  be  ad ju sted , o v e r  a  w id e  ra n g e  b y  c h an g e s  in  th e  r e s i s t o r s  

R 1 an d  R 2. T h e  p r e s e n t  d e s ig n  p ro v id e s  a  th r e e  v o lt  d ro p  a c r o s s  P  1 

s in c e  R  1 i s  3. 9 m e g o h m s , P  1 i s  0 .1  m eg o h m s , R  2 i s  1. 0 m e g o h m s , 

and  B + i s  150 v o lts .  T h e  v o lta g e  d ro p  a c r o s s  P  2 i s  60 v o lts  so  th a t 

th e  m a n u a l a d ju s tm e n t th ro u g h  V-1 i s  a p p ro x im a te ly  tw e n ty  t im e s  th e  

a u to m a tic  ra n g e .

D ue to  th e  h ig h  g a in  o f th is  c lo s e d  loop  c o n t r o l le r  th e  p o s s ib i l i ty
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o f s u s ta in e d  o s c i l la t io n s  m u s t  be  c o n s id e re d . I f  th e  n a tu r a l  f r e q u e n c y  

o f th e  u n d a m p e d  b a la n c e  i s  s im i la r  to  th e  r e c o r d e r  f re q u e n c y , a  s u s ta in e d  

o s c i l la t io n  i s  p o s s ib le .  To re d u c e  th e  p o s s ib i l i ty ,  th e  h ig h  f r e q u e n c y  r e 

sp o n se  of th e  c o n t r o l le r  w a s  a t te n u a te d  by  p la c in g  a  fe e d b a c k  c a p a c i to r ,

C 2, be tis 'een  th e  c a th o d e  o f th e  c o n tro l tu b e  V -2  an d  th e  r e f e r e n c e  v o lta g e  

r e c t i f i e r .  T h is  c a p a c i to r  w a s  c h o se n  to  l im i t  th e  p en  s p e e d  to  a b o u t one 

m in u te  fo r  fu ll  s c a le  t r a v e l .  T h is  fe e d b a c k  a c c o m p lis h e s  th e  p u rp o s e  of 

a t te n u a tin g  th e  h ig h  fre q u e n c y  r e s p o n s e  of th e  s y s te m  w ith o u t l im it in g  

th e  low  f re q u e n c y  s e n s i t iv i ty .

T h e  lo n g  t im e  c o n s ta n ts  l im i t  th e  r a t e  o f ch an g e  of m a s s  w hich  

m a y  b e  m e a s u r e d .  R a te s  o f ch an g e  c o r re s p o n d in g  to  fu l l  r e c o r d e r  d e 

f le c tio n  in  l e s s  th a n  f iv e  m in u te s  sh o u ld  b e  a v o id e d  s in c e  th e  la g  i n t r o 

d u ced  b y  th e  t im e  c o n s ta n ts  m a y  in tro d u c e  n o n l in e a r i t ie s  in  th e  r e c o r d e d  

s ig n a l.

A m o r e  d e ta i le d  s c h e m a tic  of th e  c o n tro l  c i r c u i t  i s  show n in  

F ig u r e  4. T he c o n n e c to rs  show n in  th e  s c h e m a tic  h a v e  th e  fo llo w in g  

fu n c tio n :

J -1  P r i m a r y  o f s e n s e  t r a n s f o r m e r

J - 2  S e c o n d a ry  of s e n s e  t r a n s f o r m e r

J - 3  C o n tro l c o il c u r r e n t

J - 4  Al. Top of b a la n c e  c o n tro l  p o te n tio m e te r ,  P  1

B . A rm  of b a la n c e  c o n tro l  p o te n tio m e te r ,  P  1

C . G ro u n d
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D. R e fe re n c e  v o lta g e  to  s e r v o  a m p lif ie r

E . S ig n a l v o lta g e  to  s e rv o  a m p l i f ie r

F .  B o tto m  of b a la n c e  c o n tro l p o te n tio m e te r ,  P  1

P o w e r  fo r  th e  c o n tro l  u n it  i s  su p p lie d  f ro m  a  re g u la te d  p o w e r 

su p p ly . T h is  su p p ly  fu r n is h e s  the  200 v o lt p la te  v o lta g e  an d  6 . 3 v o lts  

a . c . fo r  th e  f i la m e n ts .  T ube V -7  i s  a  v o lta g e  r e g u la to r  tu b e  to  p ro v id e  

re g u la te d  150 v o lts  fo r  V -3 , V -4 , V -5 , an d  V - 6 . T he  tu b e s  u s e d  a r e  

a l l  tw in  t r io d e s  w ith  th e  ex ce p tio n  of V -7 . V -4  i s  a  12Ax7 an d  th e  o th e r s

a r e  12AU7.

E x p e r im e n ta l  P r o c e d u r e  an d  C a l ib ra t io n  of A p p a ra tu s

P r e p a r a t io n  of M e ta l S a m p le s

T he  m e ta ls  u s e d  in  th is  e x p e r im e n t w e re  99. 999% p u re  b ism u th , 

9 9 . 9 9 9 % p u r e  le a d , an d  9 9 . 9 9 9 % p u r e  s i lv e r  by  s p e c tro g ra p h ic  a n a ly s is .  

T he  p u re  b is m u th  an d  th e  p u re  s i lv e r  w e re  o b ta in e d  f ro m  th e  A m e r ic a n  

S m e ltin g  an d  R efin in g  Co. and  th e  p u re  le a d  f ro m  th e  C o n so lid a te d  M in 

in g  and  S m eltin g  C om pany , L im ite d . M e r c u ry  w h ich  w as  u s e d  in  th e  

c a l ib ra t io n  of th e  a p p a r a tu s  w as F i s h e r  r e a g e n t  c h e m ic a l g ra d e .

B ism u th  s a m p le s  o r  le a d  s a m p le s  w e re  im m e r s e d  in  1 to  1 d i 

lu te d  h y d ro c h lo r ic  a c id  f o r  ab o u t 5 to  10 m in u te s  and  w a sh e d  th o ro u g h ly  

w ith  d is t i l le d  w a te r .  T he  w a sh e d  s a m p le  w a s  d r ie d  by  b low ing  a i r  i m 

m e d ia te ly  b e fo re  th e  sp e c im e n  w as p la c e d  in  th e  e ffu s io n  c e ll .

W hen m e r c u r y  w a s  u s e d  in  th e  e jç e r im e n t ,  s p e c ia l  c a r e  w a s
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ta k e n  to  a v o id  c o n ta m in a tio n  by  d u s t. S in ce  i t  w a s  found  th a t  d u s t p a r t i 

c le s  in  th e  e ffu s io n  c e l l  e a s i ly  s t ic k  upon  th e  s u r f a c e  of m e r c u r y  s p e c im e n , 

th e  e ffu s io n  c e l l  w a s  c le a n e d  w ith  a  s m a l l  b ru s h  b e fo re  th e  m e r c u r y  w a s  

p u t in .

F o r  p r e p a r a t io n  of a llo y  s a m p le s , a  c a p s u le  sh ap e d  q u a r tz  tu b e  

(1 cm  d ia . ) w a s  f i l le d  w ith  a  w e ig h ed  q u a n tity  o f  s i lv e r  and  b is m u th . P r e 

c a u tio n s  s im i la r  to  th o s e  u s e d  w ith  o th e r  p u re  m e ta ls  w e re  ta k e n  to  r e 

m o v e  any  t r a c e  o f o x id e  f ro m  th e  g r a n u la r  b is m u th . T he open  end  of th e  

c a p s u le  w a s  fu s e d  to  a  v acu u m  s y s te m  w h ich  i s  c a p a b le  of e v a c u a tin g  w e ll 

be low  10” ^ m m  H g. W hen a  d e s i r e d  v acu u m  w a s  o b ta in e d , th e  c a p s u le  

w a s  fu lly  o u tg a s s e d  f o r  3 0 -4 0  m in u te s  w ith  a  m ild  f la m e . T he c a p s u le  

w a s  th e n  fu s e d  o ff f r o m  th e  v acu u m  s y s te m .

T h e  a m p o u le  th u s  p r e p a r e d  w as  h e a te d  in  th e  m u ff le  fu r n a c e  to  

a  t e m p e r a tu r e  a p p ro x im a te ly  100° C ab o v e  th e  a llo y  l i  qui dus p o in t an d  

h e ld  fo r  th r e e  h o u r s .  F ro m , t im e  to t im e , th e  a m p o u le  w as  v ig o ro u s ly  

sh ak en  to  h o m o g e n iz e  th e  liq u id  a llo y . T he  l iq u id  a llo y  in  th e  am p o u le  

w a s  q u en ch ed  in  th e  w a te r ,  an d  th e  ro d  of a l lo y  s a m p le  w as  k e p t u n d e r  

v acu u m  u n ti l  r e q u ir e d .

E x p e r im e n ta l  P r o c e d u r e

T h e  s a m p le  w a s  p la c e d  in  th e  e ffu s io n  c e l l  w h ich  w as  th e n  f ix e d  

to  th e  s u sp e n s io n  s y s te m . A  q u an tity  of th e  s p e c im e n  w as a d d ed  o r  s u b 

t r a c te d  to  a d ju s t  th e  r e c o r d e r  p en  w ith  th e  p o te n t io m e te r  of th e  a u to m a tic  

c o n t r o l le r  s e t  a t  z e ro .
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I n i t ia l  h e a t in g  to  2 0 0 °C c a u s e d  a  d e f le c tio n  of the  c e l l  w h ich  

w as  p re s u m a b ly  due to  a b s o r b e d  g a s . T h is  in i t i a l  d e f le c tio n  of th e  c e ll  

d id  n o t r e m a in  lo n g e r  th a n  15 m in u te s , an d  th e  c e l l  p o s it io n  g ra d u a lly  

r e tu r n e d  to  th e  o r ig in a l  re a d in g  of th e  z e ro  p o in t. T he o r ig in a l  re a d in g  

of th e  z e ro  p o in t w as  in s u r e d  to  b e  t r u e  by  c h e c k in g  w h e th e r  th e  a p p lie d  

e le c t r o s ta t i c  o r  e le c tro m a g n e t ic  f ie ld  s u r ro u n d in g  th e  e ffu s io n  c e l l  in  

th e  fu rn a c e  in te r a c t s  w ith  th e  e ffu s io n  c e l l .  T he  t e s t  c o n s is te d  of t u r n 

in g  th e  fu r n a c e  on  a n d  off, s in c e  i t  w as  e x p e c te d  th a t  th e  z e ro  p o in t of 

s u sp e n s io n  s y s te m  m ig h t v a r y  to  so m e  d e g re e  w ith  th e  e le c tro m a g n e t ic  

f ie ld  b e in g  a p p lie d  b y  th e  h e a tin g  e le m e n t o f th e  fu r n a c e .

T h e  fu rn a c e  w a s  h e a te d  ra p id ly  a n d  a u to m a tic a l ly  c o n tro l le d  

to  a  d e s i r e d  t e m p e r a tu r e .  I t  w as  a llo w ed  to  h e a t  fo r  te n  to  tw en ty  m in 

u te s  to  a c h ie v e  th e r m a l  e q u il ib r iu m  of th e  e ffu s io n  c e l l  b e fo re  an y  d a ta  

w e r e  ta k e n . W hen th e  s u s p e n s io n  s y s te m  in d ic a te d  a  c o n s ta n t d e f le c 

tio n , th e  p en  p o s it io n  o f th e  r e c o r d e r  w as  r e a d ju s te d  to z e ro . T h e  d e 

f le c t io n  of th e  s u s p e n s io n  s y s te m  w as d e te rm in e d  an d  c o n tin u o u s ly  o b 

s e r v e d  w h ile  th e  r e c o r d e r  s e n s e d  Üie m a s s  lo s s  o f th e  c e l l .  B e fo re

o
eac h  e x p e r im e n t ,  th e  e ffu s io n  c e l l  w as  o u tg a s s e d  a n d  h e a te d  to 850 C 

fo r  10 h o u r s  u n d e r  a  v a cu u m  o f 5x10 ^ m m  H g.

A  s m a l l  a i r  b lo w e r  w a s  u t i l iz e d  to  co o l th e  s e c tio n  of th e  lo w e r  

chéim ber im m e d ia te ly  ab o v e  th e  top  o f th e  fu r n a c e .  T h is  r e s u l te d  in  v a 

p o r  c o n d e n sa tio n  on  th e  tu b e  w a lls  w ith in  a  s h o r t  v e r t i c a l  d is ta n c e  above  

th e  top  o f th e  fu r n a c e .  T h e  c o n d e n sa tio n  o f v a p o r  on to  th e  q u a r tz  ro d
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-2
w a s  n o t o b s e rv e d  a t  a  v a p o r  p r e s s u r e  lo w e r  th a n  10 m m  Hg.

T h e  & e rm o c o u p le  w as m a d e  f ro m  m a tc h e d  A lu m e l-C h ro m e l w ire

(3G -170 H o sk in s  M an u fa c tu r in g  C o. ) w h ich  w as  c a l ib r a te d  a g a in s t  th e

m e lt in g  p o in ts  o f  z in c  an d  s i lv e r .  T he th e rm o c o u p le  w a s  a ls o  c a l ib r a te d

w ith  s ta n d a rd  th e r m o m e te r s  (B ro o k ly n  T h e rm o m e te r  C o. ) in  th e  t e m p e r a -  

o otu r e  ra n g e  o f 25 C to  45 C u s in g  th e  w a te r  b a th  w h ich  c o n tro lle d  th e  te m -

o
p e r a tu r e  w ith in  0. 05 C.

C a l ib ra t io n  o f Üie C e ll C o n s ta n ts  and  th e  Q u a r tz  M ic ro b a la n c e

T h e  o r i f ic e  a r e a  w as  d e te rm in e d  by  ta k in g  p h o to g ra p h s  a t  a  c a l i 

b r a te d  m ag n ifica tio n , (75x) w ith  a  m e ta l lo g ra p h ic  m ic ro s c o p e .  T he im a g e  

w a s  p r o je c te d  onto  c a l ib r a te d  g ra p h  p a p e r  fo r  th e  co u n tin g  of s q u a re s

m e th o d . T h e  a c c u ra c y  of th e  a r e a  d e te rm in e d  by  th is  m e th o d  i s  ^  10 

2cm  .

T h e  d ^ t h  of th e  o r i f ic e  w as  d e te rm in e d  b y  a  m e ta l lo g ra p h ic  

m ic r o s c o p e  b y  fo c u s in g  on th e  s u r f a c e  of edge a n d  th en  re fo c u s in g  on a 

b r a s s  s u r f a c e  w h ich  w as p la c e d  in s id e  th e  c e ll  cind h e ld  t ig h tly  a g a in s t  

th e  in s id e  ed g e  o f th e  o r i f ic e .  T he  a c c u ra c y  d e te r m in e d  by th is  m e th o d  

i s  ^  1 0  ^ c m .

T h e  r e c o r d e r  in  th e  m ic ro b a la n c e  s y s te m  w as  c a l ib r a te d  to 

d e te r m in e  th e  m a s s  ch ange  c o rre sp o n d in g  to  fu ll  s c a le  d e f le c tio n . S ince  

i t  w a s  n e c e s s a r y  to  c a l ib r a te  th e  r e c o r d e r  fo r  m a s s  e ffu s io n  r a t e s  of 

th e  s a m e  o r d e r  e n c o u n te re d  in  th is  s tudy , i t  w as  d e s i r a b le  to  u s e  d a ta  

on a  s u b s ta n c e  w ith  a  s im i la r  a to m ic  w e ig h t a t  a  t e m p e r a tu r e  w h e re  i t s
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v a p o r  p r e s s u r e  c o n c id ed  w ith  th e  v a p o r  p r e s s u r e  ra n g e  o f i n t e r e s t  ( 1 0  ^
2

to  10 m m  H g). M e rc u ry  w a s  c h o se n  a s  th e  c a l ib ra t in g  s u b s ta n c e  b e 

c a u s e  i t  m e t  th e  above s ta te d  r e q u ir e m e n ts  and  e x c e lle n t  v a p o r  p r e s s u r e  

d a ta  in  th e  ra n g e  of 10 ^  to  10 ^ m m  H g w as  a v a ila b le . A lso , b e c a u s e  

m e r c u r y  h a s  su ch  a  s m a l l  a m o u n t of H g^ p r e s e n t  in  th e  v a p o r  even  a t  a 

t e m p e r a tu r e  up  to  th e  b o ilin g  p o in t, i t s  m o le c u la r  w e ig h t m a y  be  ta k e n  

a s  th e  a to m ic  w e ig h t (w ith in  0. 05%) (24).

F o r  th e  c a l ib ra t io n  an  in s u la te d  w a te r  b a th  w h ich  co u ld  b e  c o n 

t r o l le d  to  ^  0. 0 5 °C w as u t i l iz e d  in s te a d  of th e  fu rn a c e . T he m e r c u r y  

s a m p le  w a s  b ro u g h t to  th e  d e s i r e d  te m p e r a tu r e ,  an d  th e  t im e  r e q u ir e d  

to  r e a c h  fu ll  s c a le  d e f le c tio n  o f th e  r e c o r d e r  w a s  o b s e rv e d . T he m a s s  

e ffu s io n  r a t e  w a s  u s e d  to  c a lc u la te  th e  to ta l  m a s s  lo s s  fo r  fu ll s c a le  d e 

f le c tio n . S ix  c a l ib ra t io n  v a lu e s  w e re  o b ta in e d  f ro m  m e r c u r y  v a p o r  p r e s 

s u r e  d a ta  u t i l iz in g  th r e e  e ffu s io n  c e l l s .  T he r e s u l t s  a r e  show n in  T a b le  

III. T he  b a s ic  d a ta  on c e l l  c o n s ta n ts  u s e d  in  th e  c a lc u la t io n  of w e ig h t

T A B L E m  

R E C O R D E R  C A LIBRA TIO N

C ell
W eigh t L o s s  (g ra m s )  
F u l l  S c a le  D e fle c tio n

A 2 . 0 6 9  X 1 0 "^
2 . 0 1 0  X 1 0

-3B 2. 036 X 10
2. 047 X 10"^

C 2 .051  X 10"^
2 . 0 6 8  X 1 0

A v e ra g e  2 .0 4 7  x 10"^
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lo s s  a x e  siaowm in  A ppen d ix  A , A n e s t im a te  o f  th e  t r a n s m is s io n  c o e f f i 

c ie n ts  w e r e  m a d e  f ro m  th e  s im p lif ie d  e q u a tio n  by  K e n n a rd  (52).

T o r s io n  C o n s ta n t 

T h e  p e r io d  fo rm u la  f o r  a n g u la r  h a rm o n ic  m o tio n  is ,

w h e re  0  i s  to r s io n  c o n s ta n t; t, p e r io d  o f o s c i l la t io n ;  an d  I, m o m e n t of 

in e r t i a  o f  pem dulum  w ith  a  know n w e ig h t. T h e  d e te r m in a t io n  of the  t o r 

s io n  constaaat i s  a c h ie v e d  by  m e a s u r in g  th e  p e r io d  of s u s p e n s io n  s y s te m  

a lo n e  a n d  wifei a  b r a s s  w e ig h t a t ta c h e d . T h u s .^  i s  c a lc u la te d  a s ;

a  4 - b ^ I w  
^  -  2 2 (11)

^ w - ^

w h e re  i s  th e  m o m e n t of i n e r t i a  o f th e  b r a s s  w e ig h t, i s  th e  p e r io d  

o f th e  s n s p e n s io n  s y s te m  w ith  th e  b r a s s  w e ig h t a n d  t  i s  th e  p e r io d  o f th e  

su s p e n s io n  s y s te m  a lo n e . T he a d d e d  b r a s s  w e ig h t w as  a  c y l in d e r  o f 

2. 520 g r a m s  w ith  i t s  d ia m e te r  0. 632 c m . T h e  d a ta  show ing  a  ty p ic a l  

d e te r m in a t io n  o f  d ie  to r s io n  c o n s ta n t  f o r  a  tu n g s te n  f ib e r  ( 0 . 0 0 2  cm  in  

d ia m e te r  a n d  20 cm  lo n g ) i s  g iv e n  in  T a b le  IV . A fte r  a l l  e x p e r im e n ta l  

ru n s ,  # ie  d e te r m in a t io n  of to r s io n  c o n s ta n t  w as  r e c h e c k e d  a n d  show ed  

n o  s ig a i f ic a n t  c h a n g e s . T he to r s io n  c o n s ta n t  th u s  d e te r m in e d  w as  c a lc u 

la te d  to  h& 0.118 d y n e - c m /r a d ia n .

A s  a  c h e c k  on th e  m e a s u r e m e n t  of c e l l  p a r a m e te r s  p e r f o r m e d  

o p tic a lly , Ifflae v a lu e  of (â q̂̂ f̂̂  + 3-2*12^2) ” 2 ^ ^ / P  w a s  d e te r m in e d  f ro m
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m e r c u r y  v a p o r  p r e s s u r e  d a ta  w i th ^  = 0.118 o b ta in e d . In s te a d  o f t ry in g  

to  o b ta in  a  " z e r o  p o in t"  fo r  th e  su sp e n s io n , th e  su m  w as  c a lc u la te d  u s in g  

th e  v a p o r  p r e s s u r e  a t  two d if f e r e n t  t e m p e r a tu r e s  a n d  th e  c o r re s p o n d in g  

a n g le s  o f  d e f le c tio n . T he r e s u l t s  a r e  p r e s e n te d  in  T a b le  V.

T A B L E  IV  

TORSION CO NSTA N T D ET ER M IN A TIO N

S u sp e n s io n  S y s te m  
A lo n e  

t ( s e c )

S u sp e n s io n  S y s te m  
w ith  B r a s s  W eigh t 

tw  (s e c )

5 p e r io d s  

1 0  p e r io d s  

A n a v e r a g e  p e r io d

29. 54  

59. 06 

5. 91

4 3 .7 5  

8 7 .7 4  

8 . 77

T A B L E  V

C E L L  P A R A M E T E R  M EA SU R EM EN T

CeU O p tic a l M e r c u ry  D a ta

2. 492 X 10
-3

4. 309 X 10

5. 529 X 10

-3

2. 530 X 10 
2. 482 X 10 '

-3

4. 315 X  10 
4 .195  X 10

-3
-3

5 .4 6 6  X 10 
5. 590 X 10-3



38

T h e  c e l l  p a r a m e te r  (a^q^f^ + w h ich  i s  o b ta in e d  f ro m  th e

o p tic a l ly  m e a s u r e d  v a lu e s  a n d  th e  p r o p e r  a p p lic a tio n  of S e a r c y - F r e e m a n 's  

c o r r e c t io n  f a c to r ,  i s  v e ry  c lo s e  to ftie  v a lu e s  o b ta in e d  fo r  th e  c a l ib r a t io n  

w ith  m e r c u r y .  No s y s te m a tic  v a r ia t io n  in  th e  m e r c u r y  d a ta  w as  o b s e rv e d , 

p ro v in g  th a t  th e  o p tic a l ly  m e a s u r e d  v a lu e s  in  th e  c e l l  p a r a m e te r  a r e  v a lid  

w ith in  th e  e r r o r  l im i t  of th e  e x p e r im e n t .  To u s e  th e  c e l l  p a r a m e te r  a t  

h ig h  te m p e r a tu r e s ,  th e s e  d im e n s io n s  w e r e  c o r r e c t e d  fo r th e  e ffe c t of e x 

p a n s io n  a t  e a c h  e x p e r im e n ta l  t e m p e r a tu r e .



C H A P T E R  i n

R E SU L T S

T h e  p a r t i a l  p r e s s u r e  o f th e  m o n o m e r  an d  d im e r  w e re  c a lc u la te d  

f ro m  e ac h  m e a s u r e m e n t  o f to ta l  p r e s s u r e  a n d  e ffu s io n  r a te .  T h e s e  v a lu e s  

w e re  u s e d  to  d e te r m in e  th e  h e a ts  o f v a p o r iz a t io n  by  th e  th i r d  law  m e th o d . 

In  a d d itio n , a  l e a s t  s q u a r e  t r e a tm e n t  of th e  m o n o m e r  p r e s s u r e ,  d im e r  

p r e s s u r e ,  an d  to ta l  p r e s s u r e  w as p e r f o r m e d  on  th e  IB M  1410. T h e  g e n -  

e ra liz ,e d  f ro m  of th e  eq u a tio n  u s e d  fo r  th e  c o r r e la t io n  of th e  d a ta  i s :

l o g P  = - A /T  + B lo g T  + C (12)

T h r e e  c o n tro l  c o n d itio n s  h av e  b e e n  im p o s e d  in  th e  l e a s t  s q u a r e s

t r e a tm e n t .  C o n tro l C o n d itio n  O ne i s  an  u n r e s t r i c t e d  d e te rm in a t io n  of

A, B , a n d  C , T he  3  c o e f f ic ie n t in  th e  ab o v e  e q u a tio n  i s  e q u iv a le n t to

th e  v a lu e  o f (Cp — C ) /R , th a t  i s ,  th e  h e a t  c a p a c ity  d if fe re n c e  b e tw ee n  
V n

a  s u b s ta n c e  in  th e  v a p o r  s ta t e  an d  in  th e  l iq u id  s ta te .  In  C o n tro l C o n d i

tio n  Two, th e  B v a lu e  i s  f ix e d  f ro m  Cp d a ta  p r e s e n te d  in  S tu ll a n d  S in k e  

(24). A d if f e r e n t  v a lu e  o f B i s  a ls o  u s e d  to  y ie ld  new  v a lu e s  o f A  a n d  C 

b a s e d  on  th e  v a p o r  s p e c ie s  d a ta  f ro m  S tu ll an d  S inke  an d  c o n d e n se d  s ta te  

d a ta  f ro m  th e  r e c e n t  p u b lic a tio n , B e ll  an d  H u ltg re n  (11). B i s  s e t  e q u a l

39



40

to  z e r o  in  C o n tro l C o n d itio n  T h r e e .  C o n tro l C o n d itio n  T h re e  im p l ie s  

th a t  th e  h e a t  o f  v a p o r iz a t io n  i s  in d e p e n d e n t o f t e m p e r a tu r e  o v e r  th e  

r a n g e  o f th e  e x p e r im e n ta l  t e m p e r a tu r e s .

T h e  u n c e r ta in t ie s  in d ic a te d  in  th e s e  s e c t io n s  a r e  95% c o n fid e n c e  

l im i t s  c a lc u la te d  f ro m  th e  d e v ia t io n s  o f a r i th m e t ic  m e a n s .

R e s u l ts  o f L e a d  

T he  r e s u l t s  o b ta in e d  f o r  th e  to ta l  p r e s s u r e s  o f le a d  a r e  show n 

in  F ig u r e  5. A l e a s t  s q u a r e s  t r e a tm e n t  in  C o n tro l C o n d itio n  Two y ie ld s :

lo g P ( a tm )  = (4 .9 8 4 +  0 .132) -  (9, 760 + 121)/T  (13)

A t 8 00°K  th e  s p e c if ic  h e a t  d if f e r e n c e  of le a d  f ro m  i t s  l iq u id  

s ta t e  to  v a p o r  s ta te  i s  ta k e n  to  b e  -2 . 2 c a l /d e g  g -a to m  (15). S in ce  i t  i s  

a s s u m e d  th a t  th is  d if f e r e n c e  r e m a in s  f a i r ly  c o n s ta n t  o v e r  th e  t e m p e r a 

t u r e  ra n g e  f ro m  8 00°K  to  th e  e x p e r im e n ta l  t e m p e r a tu r e ,  th e  c o r r e la t io n  

o f d a ta  c an  b e  g iv en  a s :

lo g P ( a tm )  = (-10 ,186  + U 9 ) /T  - 1.1071 log  T +

(8 .7 2 8  + 0 .123) (14)

In  a d d itio n , a  l e a s t  s q u a r e s  t r e a tm e n t  in  C o n tro l C o n d itio n  O ne y ie ld s :

lo g P ( a tm )  = (-9 , 379 + 4 3 8 ) /T  + (0 .9 5 3 8  + 1. 0 7 2 )lo g T  +

(1. 7429 + 3. 621) (15)

A m ong th r e e  d if f e r e n t  c o n tro l  c o n d itio n s . E q u a tio n  14 sh o w s
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Fig. 5 — Vapor P ressu re  of Lead vs Reciprocal Temperature
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î3ie b e s t  c o r r e la t io n  w ith  th e  d a ta . I t  i s  n o te d  th a t  th e  B c o e f f ic ie n t d e t e r 

m in e d  b y  C o n tro l C o n d itio n  O ne  d o es  n o t h a v e  an y  p h y s ic a l  s ig n if ic a n c e  

s in c e  B  = (C p^  - C p g )/R  i s  n e g a tiv e , a n d  a ls o  i t  i s  a p p a r e n t  th a t  th e  B c o 

e f f ic ie n t  d e te rm in e d  by C o n tro l C o n d itio n  O ne i s  h ig h ly  in s ig n if ic a n t  a t  

th e  le v e l  o f 95% co n fid en ce  l im i t .

F ig u r e  6  show s th e  v a lu e s  of th e  s ta n d a rd  h e a ts  of v a p o r iz a t io n  

o f l e a d  a t  298°K  a s  a  fu n c tio n  o f e x p e r im e n ta l  te m p e r a tu r e .  T he T h ird  

L aw  c a lc u la tio n  m e th o d  w a s  u s e d .  T he a v e ra g e  v a lu e  o f th e  s ta n d a rd  

h e a t s  o f  v a p o r iz a t io n  is  46 . 60 2  0. 02 k .c a l /g -a to m , an d  no d i s c e r n ib l e  

t r e n d  w ith  te m p e r a tu r e s  i s  o b s e rv e d .

T h e  a v e ra g e  m o le c u la r  w e ig h t of th e  e ffu s in g  v a p o r  w as  207. 4 

f  2 . 2 7 . H en ce , w ith in  th e  t e m p e r a tu r e  an d  d e te c tio n  l im i t s  o f th e  e x 

p e r im e n ts  p e r fo rm e d , th e  l e a d  v a p o r  w as  found  to  b e  m o n a to m ic  o v e r  

th e  tœ n p e r a tu r e  ra n g e  8 70°K  to  980°K .

T h e  e x p e r im e n ta l  d a ta  f o r  le a d  f ro m  w h ich  r e s u l t s  ab o v e  a r e  

c a lc u la te d  a r e  show n in  A p p en d ix  B .

R e s u l ts  f o r  B ism u th

T h e  r e s u l t s  o b ta in e d  f o r  th e  to ta l  p r e s s u r e ,  m o n a to m ic  p r e s 

s u r e ,  a n d  d ia to m ic  p r e s s u r e  a r e  show n in  F ig u r e  7.

L e a s t  s q u a r e  t r e a tm e n ts  of th e  d a ta  in  th e  fo rm  of th e  C la s iu s -  

C la p e y ro n  eq u a tio n  y ie ld s  th e  fo llo w in g  c o r r e la t io n s  f o r  to ta l  p r e s s u r e ,  

m o n a to m ic  p r e s s u r e ,  an d  d ia to m ic  p r e s s u r e :

lo g P ^ ( a tm )  = ( 5 .2 4 +  0 .2 4 )  - (9, 656 + 2 1 8 )/T  (16)
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lo g P j ( a t in )  = (5 .2 7  + 0 .2 8 )  - (10,100 + 2 S 3 )/T  (17)

l o g P 2 (a tm ) = (4. 78 + 0 .2 3 )  - (9, 418 + 2 U )/T  (18)

- A ssu m in g  th a t  th e  s p e c if ic  h e a t  d if f e r e n c e  f ro m  b is m u th  liq u id  

to  i t s  v a p o r  s ta te  i s  -2 . 53 c a l /g - a to m  a t  600 K (24), th e  l e a s t  s q u a re  

t r e a tm e n t  y ie ld s  th e  c o r r e la t io n  of d a ta  m o n a to m ic  b ism u th  v a p o r  p r e s 

s u r e s  a s :

lo g P ( a tm )  = (-10, 597 + 2 5 3 ) /T  - 1 .273  lo g  T +

(9. 591+ 0 .2 8 0 ) (19)

and  a ls o  f ro m  th e  d a ta  of d ia to m ic  p r e s s u r e s  a s :

lo g  P (a tm )  = (-10, 6 l 6  ^  2 1 3 )/T - 3. 064 lo g  T +

(15.174 + 0 .2 3 6 )  (20)

T he  c o m b in a tio n  o f E q u a tio n s  19 a n d  20 y ie ld s  th e  e q u ilib r iu m  

c o n s ta n t a s  th e  fo llow ing  re la t io n s h ip :

lo g K p (a tm ) = (-10, 578 + 2 5 8 ) /T  -  0.518 lo g  T +

(4. 008 + 0. 286) (21)

A p lo t of l o g v e r s u s  1 /T  i s  show n in  F ig u r e  8 .

C o n s ta n ts  A, B, an d  C w h ich  a r e  d e te rm in e d  in  th e  l e a s t  s q u a re  

t r e a tm e n t  of to ta l  v a p o r  p r e s s u r e ,  m o n a to m ic  p r e s s u r e  an d  d ia to m ic  

p r e s s u r e  a s  an  u n r e s t r i c t e d  c o n tro l  c o n d itio n  y ie ld s  th e  fo llo w in g  r e l a 

t io n s h ip s :
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Fig. 8 - Equilibrium Constants of Bismuth Vapors
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l o g P ^ ( a tm )  = (-7 6 , 538 + 1, 5 1 6 )/T  + (5 .12  + 3. 83 )log  T -

(12.13 + 7. 78) (22)

lo g P j ( a tm )  = (-9 , 839 + 2, 2 3 2 ) /T + ( 0 .  6 6  + 5. 64)log  T +

(3 .0 1 +  11.45) (23)

l o g P 2 (a tm ) = ( - 6 , 912 + 2, 9 2 5 ) /T  + ( 6 . 41 + 7. 3 9 ) lo g T  +

(1 6 .9 4  + 15. 00) (24)

U sin g  th e  h e a t  c a p a c ity  d a ta  of l iq u id  b is m u th  by  B e ll  an d  H u lt-  

g re n  (11), th e  a v e r a g e  s p e c if ic  h e a t  o f l iq u id  f ro m  850°K  to  9 5 0 °K  i s  e s t i 

m a te d  to  b e  6 . 63 c a l / g - a to m .  W ith th e  a id  of th e  ta b u la tio n  of g a s e o u s

s p e c ie s  f ro m  S tu ll a n d  S inke  (24), a  l e a s t  s q u a r e s  t r e a tm e n t  o f m o n a -

to m ic  b is m u th  p r e s s u r e  a n d  d ia to m ic  p r e s s u r e  y ie ld  fo r  th e  c o n tro l  c o n 

d itio n  o f f ix in g  th e  B c o e ff ic ie n t:

lo g P ^ (a tm )  = (-10, 426 ^  2 5 3 ) /T  - 0. 8353 log  T +

(8 .108  + 0 .2 8 0 ) (25)

l o g P 2 (a tm )  = (-10, 268 + 2 1 2 )/T  - 2 .1738 log  T +

(12.155 + 0 .2 3 5 )  (26)

T h e  c o m b in a tio n  of E q u a tio n s  25 a n d  26 y ie ld s  fo r  th e  e q u i l i 

b r iu m  c o n s ta n t  th e  fo llo w in g  re la t io n s h ip :

lo g K p (a tm ) = (-10, 586 + 2 5 8 ) /T  - 0. 5032 log  T +

(4 . 061 + 0 .2 8 6 )  (27)
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A lso  th e  c o m b in a tio n  o f E q u a tio n s  17 an d  18 y ie ld s  fo r  th e  e q u il i

b r iu m  c o n s ta n t  th e  fo llo w in g  re la t io n s h ip :

lo g K p (a tm )  = (-10, 782 + 3 9 6 ) /T  + (5 . 766 + 0. 439) (28)

C o n tro l C o n d itio n  Two a s  w e ll a s  C o n tro l C o n d itio n  T h r e e  y ie ld  

b e t t e r  f i t s  o f d a ta  th a n  C o n tro l C o n d itio n  O ne. L ik e w is e  in  th e  t r e a tm e n t  

of L e a d  d a ta , th e  B c o e f f ic ie n t d e te r m in e d  by  C o n tro l  C o n d itio n  O ne i s  

h ig h ly  in s ig n if ic a n t  a t  th e  le v e l  of 95% c o n fid e n c e  l im i t .  T h is  m a t t e r  i s  

d is c u s s e d  in  d e ta i l  in  th e  l a t e r  s e c tio n .

E x p e r im e n ta l ly  d e te rm in e d  m o le c u la r  w e ig h ts  of b ism u th  v a p o r 

in s id e  th e  c e l l  o v e r  th e  t e m p e r a tu r e  ra n g e  8 50°K  to  950°K , can  be  c o r 

r e la te d  by th e  fo llo w in g  eq u atio n :

lo g M  = (93 . 611 + 3. 5 4 6 )/T  + (2. 4335 + 0. 0039) (29)

A lthough  th e  ab o v e  eq u a tio n  f i t s  th e  e x p e r im e n ta l  d a ta  v e r y  

w e ll, c au tio n  sh o u ld  b e  ta k e n  in  c a lc u la tin g  m o le c u la r  w e ig h ts  a t  t e m p e r 

a tu r e s  a p p re c ia b ly  d if f e r e n t  f ro m  th e  e x p e r im e n ta l  t e m p e r a tu r e .

T he s ta n d a rd  h e a ts  o f v a p o r iz a tio n  o f bo th  m o n o m e r  an d  d im e r  

a r e  c a lc u la te d  an d  show n v e r s u s  t e m p e r a tu r e s  o f e x p e r im e n ta l  d e t e r 

m in a tio n s  in  F ig u r e  9. T he a v e ra g e  v a lu e s  o f th e  s ta n d a rd  h e a t  of v a p o r 

iz a t io n  a r e  e s t im a te d  on  th e  b a s is  of H u ltg re n  a n d  B e l l 's  d a ta :

A H 2 9 8  (m o n o m e r)  = 50.18 +̂  0. 07 k c a l /g - a to m  

^ ^ 2 9 8  (d im e r )  = 52. 83 +_ 0. 09 k c a l / g - a t o m
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T h e s e  r e s u l t s  c o r re s p o n d  w ith  d is s o c ia t io n  e n e rg y  o f  d ia to m ic  b ism u th  

a s  47. 53 k c a l /g - m o le  o f B i^  a t  298°K .

T he  e x p e r im e n ta l  d a ta  fo r  b ism u th  f ro m  w h ich  r e s u l t s  above  

a r e  ce ilcu la ted  a r e  show n in  th e  A pp en d ix  C.

R e s u l ts  fo r  B is m u th -S i lv e r  A llo y s  

T h e  v a p o r  p r e s s u r e s  o f b is m u th  f o r  v a r io u s  l iq u id  a llo y s  a r e  

show n g ra p h ic a l ly  in  F ig u r e  10. M o n a to m ic  an d  d ia to m ic  p r e s s u r e s  of 

b ism u th  f o r  a llo y s  a r e  a ls o  show n r e s p e c t iv e ly  in  F ig u r e  11 and  F ig u r e  12. 

T he  d a ta  a r e  f i t te d  by  a  l e a s t  s q u a r e  t r e a tm e n t  to  th e  C la s iu s -C la p e y r o n  

e q u a tio n . T a b le  VI sh o w s a  s u m m a ry  of th e s e  r e s u l t s  fo r  to ta l  p r e s s u r e ,

T A B L E  VI

V A PO R  P R E S SU R E  CO NSTA N TS O F BISM U TH  IN  TH E 
SIL V E R -B ISM U T H  SYSTEM

Top V a lu es  f ro m  M o n ato m ic  V ap o r P r e s s u r e  
M id d le  V a lu es  f ro m  D ia to m ic  V ap o r P r e s s u r e  
B o tto m  V a lu e s  f ro m  T o ta l V ap o r P r e s s u r e

A llo y  
C o m p o sitio n  (N g-)

R an g e  of 
T e m p e r a tu r e  (°K )

*
A  X 10"^

*
C X 10’ ^

0. 865 8 92-953 1. 0101 + . 208 
.9 3 5 6 +  .2 0 7  
. 9 6 4 0 + .2 0 6

. 523 + . 023 

. 463 + . 023 

. 515 + . 022

0. 790 889-951 1. 0133 + . 172 
.9 3 4 5  + .173  
.9 6 5 2 +  .1 4 0

. 524 + . 018 

.4 5 7  + . 018 

. 512 + . 015

0. 682 890-961 1. 0009 + . 230 
.9 2 2 7  + .3 4 3  
.9 5 4 7  + .3 0 3

. 508 + . 037 

. 439 + . 055 

. 496 + . 049
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T A B L E  V I - -(C o n tin u ed )

A llo y  
C o m n o sitio n  (N g -)

R an g e  of 
T e m p e r a tu r e  (°K )

- 4 *A X 10
-1*

C X 10

0. 522 8 9 7 -9 7 2 1. 0075 + . 241 
.9167 + . 293 
.9 5 8 4  + . 273

. 506 + . 026 

. 416 + . 031 

.4 8 7  + . 029

0. 400 917-974 .9 8 2 7  + . 523 
. 8799 + . 728 
.9 4 0 4  + . 579

. 460  + . 051 

. 336 + . 071 

. 438 + . 056

0. 311 9 2 2 -9 9 0 .9 8 2 7  + .130  
.8 7 9 9  + . 340 
.9 4 0 4  + .217

. 460 + . 014 

. 336 + . 036 

. 438 + . 022

0. 290 9 2 3 -9 7 3 .9 7 8 3  + .4 4 6  
.9 2 3 9  + .4 0 2  
.9571  + . 584

. 451 + . 046 

. 372 + . 042 

. 450 + . 061

0. 229 946-1002 .9 9 4 8  + .3 3 0  
.91 7 4  + . 737 
.9 7 5 2  + .415

. 443 + . 034 

.316  + . 075 

. 435 + . 042

0. 080 942-1003 .7 3 8 9  + .2 4 0  
. 4125 + . 226 
. 6710 + .1 5 0

.167 + . 025 
- .2 2 6  + . 023 

.107  + . 016

* lo g P ( a tm )  = - A /T  + C

m o le  f r a c t io n  of b is m u th

m o n a to m ic  p r e s s u r e ,  d ia to m ic  p r e s s u r e .  T h e rm o  d y n a m ic  a c t iv i t ie s  of 

b is m u th  w e r e  c a lc u la te d  by  E q u a tio n  8 o r  by  u t i l iz in g  bo th  th e  e q u il ib r iu m  

c o n s ta n ts  o f b is m u th  v a p o r  an d  th e  m e a s u r e d  to ta l  v a p o r  p r e s s u r e  fo r  

a l lo y s .  T h e  e q u il ib r iu m  c o n s ta n ts  Kp of b ism u tli v a p o r  w e r e  c a lc u la te d  

f ro m  E q u a tio n  28; th e  c a lc u la te d  v a lu e s  of Kp a t  850 K, 900°K , 950°K ,
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I / T X I 0 3 ( | / « K )

Fig. 1 0 -  Total P r tssur*  of Bismuth in Equilibrium with Silver— 
Bismuth Alloys



31
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68 .2

4 0 . 0 %

0 . 9 9

Fig 1 1 - Monatomic Pressure of Bismuth in Equilibrium with 

Silver -  Bismuth Alloys
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F ig .  12— Diatomic P ressu re  of Bismuth in Equilibrium with 
S i lv e r -B ism u th  Alloys
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a n d  1000°K  a r e  1. 207 X 10"‘7, 6 .125 x  10"’̂ , 6 .125  x l O '^  and  9. 659 x  10"^. 

S in ce  to ta l  p r e s s u r e  o f b is m u th  v a p o r  i s  th e o r e t ic a l ly  id e n t ic a l  to th e  

v a lu e s  o f + P 2 ) w h e re  P^, P 2  a r e  th e  m o n a to m ic  p r e s s u r e  an d  d ia 

to m ic  p r e s s u r e  o f b ism u th , bo th  th e  m o n a to m ic  p r e s s u r e  of b is m u th  an d  

th e  d ia to m ic  p r e s s u r e  o f b is m u th  can  b e  c a lc u la te d  b^ so lv in g  E q u a tio n  

7 w ith  th e  ab o v e  re la t io n s h ip  a t  a  g iv en  te m p e r a tu r e .  T h o se  r e s u l t s  a t  

850°K , 900°K , 950°K , a n d  1000°K  a r e  s u m m a r iz e d  in  T a b le  V II.

T A B L E  VII

TH ERM O D Y N AM IC A C T IV IT IE S  O F BISM U TH  IN 
TH E  SIL V E R -B IS M U T H  SY STEM

Top V a lu e  f ro m  M o n a to m ic  V a p o r P r e s s u r e  
M id d le  V a lu e  f ro m  D ia to m ic  V a p o r P r e s s u r e  
B o tto m  V a lu e  f ro m  E q u il ib r iu m  C o n s ta n t

A llo y
C o m p o s itio n  (N g^) 850°K 900°K 9 50°K 1000°K

0. 865 0. 895 0. 896 0. 896 0. 892
0. 910 0. 905 0 .901 0. 896
0. 910 0. 903 0 .9 0 0 0. 896

0 . 7 9 0 0. 841 0. 846 0. 849 0. 853
0. 866 0. 861 0.851 0 .8 5 3
0 .8 5 9 0 .8 5 7 0. 855 0 .851

0. 682 0. 813 0. 803 0 . 7 9 3 0. 784
0. 812 0. 810 0. 800 0 . 7 9 1

0. 818 0. 808 0. 798 0. 787

0. 522 0. 656 0. 654 0. 651 0. 650
0. 685 0. 672 0 . 6 6 1 0. 651
0. 675 0. 667 0. 658 0. 650



55

T A B L E  VU - - ( C on tin u ed )

A llo y  
C o m p o sitio n  (Ng^) 850°K 900°K 950°K 1000°K

0. 400 0. 612 0. 582 0. 557 0. 535
0. 612 0. 588 0. 568 0. 551
0. 610 0. 586 0. 563 0. 544

0. 311 0. 442 0. 424 0. 409 0. 396
0. 451 0 .4 3 0 0. 408 0. 311
0. 444 0. 427 0.411 0. 396

0. 290 0. 360 0. 391 0. 374 0. 360
0. 370 0. 379 0 .3 7 5 0. 370
0. 366 0 .3 8 4 0. 374 0 .3 6 6

0. 229 0 .2 0 9 0 .2 0 5 0. 202
0. 210 0. 207 0. 202
0. 209 0 .2 0 5 0. 202

0. 080 0. 256 0.178
0. 258 0.180
0 .2 5 0 0.179

F r o m  th e  kn o w led g e  of th e rm o d y n a m ic  a c t iv i t ie s  of b ism u th  o b 

ta in e d  f ro m  E q u a tio n  8, a c t iv i t ie s  o f s i lv e r  w e re  d e te rm in e d  by  in te g r a r  

tin g  th e  G ib b s -D u h e m  eq u a tio n  v /ith  th e  a lp h a  fu n c tio n  (48) to  th e  p h a se  

b o u n d a ry  o f l iq u id  a llo y . A  d e ta i le d  i l lu s t r a t io n  on th e  p e r f o r m a n c e  o f 

G ib b s -D u h e m  in te g ra t io n  i s  g iv en  in  A ppend ix  I .

T h e  a c t iv i ty  of s i lv e r  a t  th e  p h a s e  b o u n d a ry  of l iq u id  a llo y  is  

ta k e n  to  b e  th e  m o le  f r a c t io n  of s i lv e r  a t  th e  so lid u s  p o in t (N ^g  = 0. 980 

a t  950 K, N ^ g  = 0. 978 a t  1000 K) u n d e r  th e  e q u ilib r iu m  c o n d itio n . T h is  

e s t im a te  is  b a s e d  upon th e  a s s u m p tio n  th a t  R a o u l t 's  law  i s  o b ey ed  by  th e
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s i lv e r  in  th e  s i l v e r - r i c h  p r im a r y  s o lid  so lu tio n . T he  a c t iv i ty  of s i lv e r

o
th u s  o b ta in e d  i s  r e la t iv e  to  p u re  s o lid  s i lv e r  a t  950 K. T h e n c e  th e  a c t iv 

i t i e s  of s i lv e r  r e la t iv e  to  th e  s u p e rc o o le d  l iq u id  o f p u r e  s i lv e r  a r e  c a lc u 

la te d  f ro m  th e  a c t iv i ty  of s i lv e r  r e la t iv e  to  th e  p u r e  s o lid  s i lv e r  by  th e

u t i l iz a t io n  of a v a ila b le  th e rm o d y n a m ic  d a ta  o f s i lv e r  m e ta l  (49). T he

* *
v a lu e  o f In  a^^g, w h e re  a ^ g  i s  a c t iv i ty  o f s i lv e r  a t  th e  p h a s e  b o u n d a ry

(N ^ ^  = 0. 787 a t  950°K , N ^ g  = 0. 818 a t  1000°K ) i s  r e s p e c t iv e ly  c a lc u la te d

to  be  -0 .3 7 2 , -0 .2 9 6 . R e s u lts  of a c t iv i t ie s  a t  950 K a r e  g ra p h ic a l ly

show n in  F ig u r e  13 an d  s u m m a r iz e d  in  T a b le  V U l. A lso  r e s u l t s  of a c t iv -  

o
i t i e s  a t  1000 K a r e  s u m m a r iz e d  in  T a b le  IX .

In  F ig u r e  13, th e  d o tte d  l in e  in d ic a te s  th e  a c t iv i ty  in  th e  s u p e r 

c o o led  re g io n  of th e  a llo y . T he  m e th o d  of d e te rm in in g  a c t iv i t ie s  in  th is  

re g io n  i s  e lu c id a te d  in  A ppend ix  I.

T h e  p a r t i a l  m o la r  e n tro p y  of a n y  c o n s ti tu e n t i s  g iv en  by th e  

fo llow ing  eq u a tio n :
_ dAFi

AS; (30)

A lthough  th e  p a r t i a l  m o la r  e n tro p y  i s  g e n e r a l ly  d e p en d e n t on t e m p e r a 

tu re ,  a  s im p lify in g  a s s u m p tio n  i s  m a d e  th a t  th e  p a r t i a l  m o la r  e n tro p y  

i s  in d e p e n d e n t o f te m p e r a tu r e  in  th e  t e m p e r a tu r e  ra n g e  e m p lo y ed . H en ce , 

th e  p a r t i a l  m o la r  e n tro p y  i s  c a lc u la te d  f ro m  th e  C la s iu s -C la p e y r o n  e q u a 

tio n  of v a p o r  p r e s s u r e .  In  such  a  m a n n e r , th e  p a r t i a l  m o la r  e n tro p ie s  

w e re  e v a lu a te d , r e s p e c tiv e ly , f ro m  m o n a to m ic  v a p o r  p r e s s u r e  an d  f ro m  

d ia to m ic  v a p o r  p r e s s u r e .  A g re e m e n t b e tw een  th e s e  s e p a r a te ly  c a lc u la te d
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RAOULT'S LAW

0.9 a e  0 .7  0.6 0 .5 0 .4  0 3  0 .2  0 . 1

^A #

Fig. Activitif t  of Bismuth and Silver in the Ag-Bi Liquid 
Alloys ût 950*K
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v a lu e s  i s  v e ry  poor» T h e s e  d is a g r e e m e n ts  a r e  p ro b a b ly  c a u s e d  by  u n c e r 

ta in t ie s  in  t e m p e r a tu r e  c o e f f ic ie n ts  o f th e  v a p o r  p r e s s u r e  eq u a tio n .

T A B L E  V n i

THERM O D Y N AM IC A C T IV IT IE S  O F  SIL V E R  AND 
BISM U TH  A T 950°K

A llo y  C o m p o s itio n
^A g ^Ag ^Bi

*
1 1 0

0 .9 * 0.87^ 0. 05g

*
0. 8 0. 71g 0 . 17q

0. 787 0. 69 0 0. 20q

0 .7 0 . 5 6 4 0 .3 6 5

0. 6 0. 472 0. 53g

0 .5 0 . 4 0 q 0 .6 5 g

0. 4 0. 34g 0.75^

0. 3 0. 3 O5 0. 8I2

0 .2 0 .2 4 6 0 .863

0.1 0. 16g 0 .9 2 o

0 0 1

* S u p e rc o o le d  re g io n

* * P h a s e  b o u n d a ry
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TABLE IX

THERM ODYNAM IC A C T IV IT IE S  O F  SIL V E R  AND 
BISM UTH A T 1000°K

A llo y  C o m p o sitio n
^A g ^Ag ^Bi

1* 1 0

0. 9* 0. 8?o 0. 05g

0. 818** 0 .744 0 . 14g

0 .8 0. 7I4 0.17g

0 .7 0. 56^ 0 .3 5 6

0. 6 0. 463 0 . 524

0 .5 0 .38^ 0. 65 q

0 .4 0 .334 0.733

0 .3 0. 28j 0. 8O5

0 .2 0.23^ 0. 8 6 q

0.1 0.154 O.9I9

0 0 1

S u p e rc o o le d  re g io n  

* * P h a s e  b o u n d a ry

A lte rn a tiv e ly , th e  p a r t i a l  m o la r  e n tro p ie s  of b is m u th  w e re  c a l -

o o
c u la te d  f ro m  a  d if fe re n c e  o f tw o f r e e  e n e r g ie s  b e tw een  900 K a n d  950 K. 

F r e e  e n e r g ie s  u s e d  in  th is  c a lc u la tio n  w e re  d e te rm in e d  by  u t i l iz in g  b o th
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th e  e q u il ib r iu m  c o n s ta n t o f b is m u th  v a p o r  a n d  th e  m e a s u r e d  to ta l  p r e s 

s u r e  o f a llo y . T he  c o m p a r is o n  of th e s e  r e s u l t s  i s  s u m m a r iz e d  in  T a b le  

X , T h e  sm o o th e d  c u rv e  o f p a r t i a l  m o la r  e n tro p ie s  c a lc u la te d  in  th e  

l a t t e r  m a n n e r  w a s  d raw n  a n d  th e  p a r t i a l  m o la r  e n tro p y  of s i lv e r  w as  d e 

te r m in e d  by  in te g ra t in g  G ib b s -D u h em  e q u a tio n  w ith  th e  a lp h a  fu n c tio n .

S in ce  th e  s o lid  s o lu b il i ty  of s i lv e r  i s  v e r y  l im ite d ,  th e  a c t iv i t ie s  

o f s i lv e r  in  th e  ra n g e  of s i l v e r - r i c h  p r im a r y  s o l id  so lu tio n  can  b e  a s 

su m e d  to  fo llow  th e  R a o u l t 's  law . T he  a v a ila b le  th e rm o d y n a m ic  d a ta  of 

s i lv e r  m e ta l  cuid th e  p h a s e  d ia g ra m  of th e  s y s te m  m a k e  i t  p o s s ib le  to  

e s t im a te  th e  a c t iv i t ie s  of s i lv e r  a t  an y  p o in t a lo n g  th e  s i lv e r  b ra n c h  of 

l iq u id a s .  A c tiv it ie s  of s i lv e r  th u s  e s t im a te d  w e r e  u s e d  to  d e te rm in e  th e

p a r t i a l  e n tro p y  of b is m u th  by  c o m b in a tio n  w id i th e  d e r iv e d  a c t iv i t ie s  of 

o
s i lv e r  a t  950 K fro m  th e  a c t iv i t ie s  o f b is m u d u  T h e  c o m p a r is o n  of r e 

s u l ts  b e tw een  th e  sm o o th ed  v a lu e  o f f ro m  p h a s e  d ia g ra m  is  s u m 

m a r iz e d  in  T a b le  XI,

T h u s, th e  p a r t i a l  q u a n tit ie s  of s i lv e r  a n d  b is m u th  w e re  u s e d

o
to  co m p u te  th e  in te g r a l  m o la r  q u a n tit ie s  f o r  th e  l iq u id  a llo y  a t  950 K, 

F r o m  th e  th e rm o d y n a m ic  re la t io n s h ip  A H  = A F  + TAS, th e  i n 

in te g r a l  m o la r  e n th a lp y  of l iq u id  a llo y s  c a n  b e  c a lc u la te d  f ro m  a s u m 

m a tio n  of A F  an d  T A  S, T h e rm o d y n a m ic  p r o p e r t i e s  o f s i lv e r - b is m u th  

s y s te m  a r e  s u m m a r iz e d  in  T a b le  X II. T h e s e  c a lc u la te d  v a lu e s  a r e  

b a s e d  on  th e  s tc in d ard  s ta te  o f s u p e rc o o le d  liq u id  s i lv e r  an d  of liq u id  

b ism u th  a t  th e  c o r re s p o n d in g  te m p e r a tu r e .



T A B L E  X

P A R T IA L  M O L A R  E N T R O P IE S  O F  B ISM U TH

A llo y  C o m p o s itio n  
^ B i

A S g ^ ( c a l /g m o l K) 
f r o m  m o n a to m ic  

p r e s s u r e

A S g j( c a l /g m o l° K )  
f r o m  d ia to m ic  

p r e s s u r e

A S B i(c a l /g m o l  K) 
f r o m  to ta l  p r e s s ,  
a n d  E q u il . C o n s t.

A S B i(c a l /g m o l K) 
sm o o th e d  

v a lu e

0. 865 0. 207 0. 356 0. 336 0. 29

0 .7 9 0 0 .159 0. 475 0. 436 0. 49

0. 682 0. 898 0. 902 0. 936 0. 81

0. 522 0. 967 1. 426 1. 314 1 . 57

0. 400 2. 776 2. 381 2. 780 2. 33

0. 311 3. 086 3. 247 3 .1 3 6 3. 08

0. 290 3. 475 2. 379 2. 826 3. 30

0. 229 3. 875 3. 715 3. 810 4. 00

O'
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T A B L E  XI

T H E  P A R T IA L  E N T R O P Y  O F  SILV E R  A T 9 5 0 °K

A llo y  C o m p o sitio n  

^Ag
T he S m o o th ed  V a lu e  
A s ^ g ( c a l /g m o l° K )

T he C a lc u la te d  V alu e  
^ S j ^ g i c a l / g m o l°K )

0. 787 0. 616

0 .7 0 .9 7 1. 20

0. 6 1. 42 1. 55

0. 5 1 .9 8 2 .2 6

0 .4 2. 59 2 .8 4

0 .3 3 .3 2 3.13

0 .2 4 . 24 4 .1 5

0 .1 5 .6 9 5. 46

D is c u s s io n

L e a d  V a p o r P r e s s u r e  

A  c o m p a r is o n  of p re v io u s ly  r e p o r te d  v a p o r  p r e s s u r e s  o f le a d  

w ith  th o s e  d e te r m in e d  in  th is  s tu d y  i s  g ra p h ic a l ly  show n in  F ig u r e  14.

I t  h a s  b e e n  p o in te d  o u t th a t  th e r e  i s  so m e  e v id en c e  th a t  v a lu e s  r e p o r te d  

by E g e r to n  (13) a r e  lo w e r  th a n  th e y  sh o u ld  b e . In tro d u c tio n  of a  p r o p e r  

t r a n s m is s io n  c o e f f ic ie n t m a y  u n ifo rm ly  r a i s e  th e  v a p o r  p r e s s u r e  d a ta  

r e p o r te d  by  E g e r to n , b u t su ch  a  c o r r e c t io n  w as  n o t m a d e  b e c a u s e  of
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l im i te d  d a ta  on th e  g e o m e try  of E g e r to n 's  e ffu s io n  o r i f ic e ,

T A B L E  X II

THERM ODYNAM IC P R O P E R T IE S  O F  T H E  SILV ER - 
BISM UTH SY STEM  A T 950°K

Alloy Composition 
^Ag (cal/gm ol)

A s
(cal/gmol^K)

Ah
(ca l/gm ol)

0. 9* -770.9 0. 8495 36.1

0. 8* -1148. 5 1.3366 121.3

0. 787** -1199.1 1.382 113.8

0.7 -1327.1 1.603 195.7

0. 6 -1320. 4 1.780 370. 6

0. 5 -1260. 9 1.870 515.1

0 .4 -1135. 2 1.732 510.2

0.3 -949 .6 1. 585 556.2

0.2 -752.1 1. 216 403.1

0.1 -478. 5 0.758 241.6

*
S u p e rc o o le d  re g io n

* * P h a s e  b o u n d a ry

If  f r e e  e n e rg y  fu n c tio n s  a r e  a v a ila b le , th e  th i r d  law  m e th o d  y ie ld s  

th e  a v e r a g e  v a lu e  o f d e te rm in e d  s ta n d a rd  h e a ts  o f v a p o r iz a tio n . S o m e in 

v e s t ig a to r s  c la im  th e  p r e f e r e n c e  o f th e i r  d a ta  a s c e r ta in in g  th a t  no  t r e n d  

of A H ggg  f ro m  in d iv id u a l v a p o r p r e s s u r e  p o in ts  i s  o b s e r v e d  w ith  te m p e r a tu r e .



THIS STUDY♦

EGERTON ( ! 3 )  ^

/ ^ ^ A L D R E D  a  PRATT ( 2 3 )

r 4

1.12 1.10 1.08 1.06 1.04 1.02 i.OO
3 / T X I 0 3 ( | / » K )

F ig .  1 4 -  Vapor Pressure of Lead vs Reciprocal 
Tem pera ture
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A lthough  th is  t e s t  i s  c o n s id e re d  to  be  th e o r e t ic a l ly  sound, su ch  a  t e s t  i s  

r a t h e r  in s e n s i t iv e ,  e s p e c ia l ly  in  th e  c a s e  w h e re  tw o d if f e r e n t  in v e s t ig a 

t io n s  r e p o r t  A H ^gg v a lu e s  d if fe r in g  by o n e  o r  tw o k c a l w ith  v e ry  low  

e r r o r  l im i t .  An a l te r n a t iv e  m e th o d  w a s  p ro p o s e d  by  H e r r ic k  (50). T he 

c o m p a r is o n  o f f ro m  th e  th i r d  law  m e th o d  a n d  th e  se c o n d  law

m e th o d  (o r  s lo p e  m e th o d )  m a y  p ro v id e  a  s e n s i t iv e  t e s t  o f th e  c o n s is te n c y  

in  th e  m e a s u r e d  v a p o r  p r e s s u r e  d a ta . W hen th e  v a p o r  p r e s s u r e  d a ta  a r e  

p lo t te d  on  a  lo g a r i th m ic  s c a le  v e r s u s  1 /T , th e  d a ta  l ie  upon  a  s t r a ig h t  

l in e , c o r re s p o n d in g  to  a  c o n s ta n t  h e a t  o f v a p o r iz a t io n  o v e r  a  ra n g e  of 

e3q> erim ental t e m p e r a tu r e s .  A t th e  s a m e  t im e  th e  c o r re s p o n d in g  e n tro p y  

c an  b e  e s t im a te d  f ro m  th e  in te r c e p t  o f th e  s t r a ig h t  l in e .  A c o m p a r is o n  

o f th e  r e s u l t s  o b ta in e d  in  th is  s tu d y  to  th o s e  of p re v io u s  in v e s t ig a to r s  i s  

show n in  T a b le  X III.

R e a s o n a b le  a g r e e m e n t  e x is t s  on th e  th i r d  law  v a lu e s  fo r  th e  

v a p o r iz a t io n  h e a t  o f le a d .  A ld re d  an d  P r a t t ' s  r e s u l t s  show  a  l a r g e  d i f f e r 

e n c e  b e tw ee n  th e  s e c o n d  law  an d  th e  th i r d  law  v a lu e s  in d ic a tin g  a  s ig n if i -  

CEint te m p e r a tu r e  d e p en d e n t e r r o r .  T h e  r e s u l t s  of E g e r to n  an d  th is  

s tu d y  show  a  m u c h  s m a l le r  d if f e r e n c e . T h e  c o m p a r is o n s  of e n tro p y  fo r  

th e  v a p o r iz a t io n  a t  a  g iv en  te m p e r a tu r e  in  th e  e x p e r im e n ta l  ra n g e  a r e  

a ls o  show n in  T a b le  X III. H u l tg r e n 's  ta b u la t io n  on  th e  e n tro p y  i s  b a s e d  

upon  b o th  th e  s p e c tro s c o p ic  d a ta  an d  e x p e r im e n ta l  h e a t  c a p a c i t ie s ;  th is  

m e th o d  i s  c o n s id e re d  to  be m o r e  p r e c i s e  in  d e te rm in in g  th e  e n tro p y  th a n  

ainy o th e r  e q u il ib r iu m  m e th o d . A c lo s e  a g r e e m e n t  b e tw ee n  th e  e n tro p y



T A B L E  XÏH

E N T H A L P Y  AND E N T R O P Y  O F  V A P O R IZ A T IO N  O F L E A D

A u th o r
R an g e  of 

T e m p e r a tu r e  (°K )
^ H 2 9 8 ( 2 n d  law ) 

( k c a l /g - m o l )
<^H 298(3rd  la w ) 

( k c a l /g - m o l )
^  ®9 00 ^  
( c a l / g - m o l .  deg)

P r e s e n t  s tu d y 8 7 5 -9 7 5 47. 01 46. 60 22. 8

A ld re d  a n d  P r a t t  (23) 8 80 -1050 51. 78 46. 81 27 . 3

E g e r to n  (13) 80 0 -1 0 5 0 48. 78 47 .17 23 . 0

H u ltg re n  (15) 46 . 60 2 2 .3 8

O '
O '
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v a lu e  l i s t e d  by H u ltg re n  a n d  th e  v a lu e  o b ta in e d  f ro m  th is  p r e s e n t  s tu d y  

i s  n o te d .

B ism u th  V ap o r P r e s s u r e  

F ig u r e  9 show s th e  s ta n d a rd  h e a ts  of v a p o r iz a t io n  by  th e  th i r d  

law  m e th o d  fo r  e ac h  e x p e r im e n ta l  d e te rm in a tio n . T h e re  s e e m s  to  e x is t  

a  s m a ll  te m p e r a tu r e  d e p en d e n c e  in  th e  m o n o m e r  an d  d im e r  v a lu e . H ow 

e v e r ,  th e  h e a t  o f d is s o c ia t io n  a t  298°K  d o es  n o t show  any  d is c e r ib le  t r e n d  

w ith  te m p e r a tu r e .

A  c o m p a r is o n  of p re v io u s ly  r e p o r te d  v a p o r  p r e s s u r e  of b ism u th  

w ith  th o s e  d e te rm in e d  in  th is  s tu d y  i s  g ra p h ic a l ly  show n in  F ig u r e  15.

T he s ta n d a rd  h e a ts  of v a p o r iz a tio n  fo r  m o n o m e r ic  b ism u th  v a 

p o r  a n d  d im e r ic  b ism u th  v a p o r  w e re  c a lc u la te d  by  both  th e  sec o n d  law  

m e th o d  an d  th e  th i r d  law  m e th o d ; th o s e  c a lc u la t io n s  w e re  b a se d  on S tu ll 

a n d  S in k e 's  d a ta  o f b is m u th  v a p o rs  an d  l iq u id . T h e s e  r e s u l t s  a r e  s u m 

m a r iz e d  in  T ab le  XIV.

T he th i r d  law  v a lu e s  fo r  b ism u th  show  re a s o n a b le  a g re e m e n t  

am o n g  th e s e  w o rk s , b u t th e  seco n d  law  v a lu e s  e x h ib it la r g e  v a r ia t io n s .  

A g re e m e n ts  b e tw een  th e  se c o n d  law  v a lu e s  an d  th e  th i r d  law  v a lu e s  in  

p re v io u s ly  r e p o r te d  w o rk s  a r e  e x tre m e ly  p o o r , an d  te m p e r a tu r e  d e p e n 

d en t e r r o r s  a r e  a p p a re n t  in  th o s e  w o rk s . A p p ro x im a te ly  3. 5% d e v ia tio n  

o f  th e  sec o n d  law  v a lu e  f ro m  th e  th i r d  law  v a lu e  w a s  found in  th is  s tu d y . 

T h is  in d ic a te s  a  s l ig h t t e m p e r a tu r e  d ep en d e n t e r r o r  in  th e  d ia to m ic  p r e s 

s u r e  d a ta  an d  m o n o m e r ic  p r e s s u r e  d a ta .
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SELECTED - 
VALUES BY 

HULT6REN

/  /^Y O S IY A M A  (2 6 )THIS STUDY

E
E ALDRED a  PRATT ( 3 6 )

m
0 .

r 4

1.16 1.14 1.12 1.10 1.08 1.06
l / T X I 0 3 ( l / " K )

Fig. 15- V a p o r  P ressu re  of Bismuth vs Reciprocal 
T e m p era tu re
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T A B L E  XIV 

H E A T  O F V A PO R IZA T IO N  O F BISM UTH

R an g e  of A H ^ g g iS rd  law ) AH^ggCZnd law )
T e m p e r a tu r e  (°K ) (k c a l /g - a to m )  ( k c a l /g - a to m )A u th o r

P r e s e n t  s tu d y 8 5 0 -9 5 0 M o n o m er 50.18 4 9 .8 6

D im e r 52. 83 51. 00

A ld re d  an d 8 2 4 -9 7 0 M o n o m er 50.13 5 6 .3 9

P r a t t  (36) D im e r 5 2 .7 2 52 .15

Y o s iy a m a  (26) 913-971 M o n o m er 50. 05 59. 68

D im e r 5 3 .2 4 4 9 .4 0

Ko (25) 1100-1220 M o n o m er 47. 50 60. 30

D im e r 5 5 .3 0 44. 08

A s p re v io u s ly  m e n tio n e d , th e  B c o e f f ic ie n t in  th e  v a p o r  p r e s s u r e ,  

w h ich  i s  d e te r m in e d  f ro m  th e  l e a s t  s q u a r e s  t r e a tm e n t  o f C o n tro l  C o n d itio n  

O ne, i s  h ig h ly  in s ig n if ic a n t .  S in ce  i t  i s  a p p a r e n t  th a t  th e  l in e a r  e f fe c t of 

te m p e r a tu r e  a s  m e a s u r e d  by  log  T m a y  b e  in s ig n if ic a n t  a t  th e  95% c o n f i

d e n c e  le v e l ,  th e  d e te rm in a tio n  of A, B a n d  C c o e f f ic ie n ts  by c o i r e la t in g  

v a p o r  p r e s s u r e  d a ta  w ith  th e  t h r e e - p a r a m e t e r  e q u a tio n  i s  im p r a c t ic a l  in  

m o s t  c a s e s  o f th e  e x p e r im e n ta l  te c h n iq u e . In  o r d e r  to  o b ta in  p h y s ic a l ly  

s ig n if ic a n t  A, B an d  C c o e f f ic ie n ts  by  c o r r e la t in g  th e  v a p o r  p r e s s u r e  

d a ta  w ith  th e  t h r e e - p a r a m e te r  e q u a tio n , i t  i s  r e q u i r e d  to  em p lo y  th e  w id e  

ra n g e  o f e x p e r im e n ta l  t e m p e r a tu r e .  T h e re fo re ,  in  m o s t  c a s e s ,  th e
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a p p lic a tio n  of th e  th r e e - p a r a m e te r  e q u a tio n  to  d e te rm in e  A  a n d  C c o e f f i

c ie n ts  s e e m s  to  be  fa v o ra b le , b e c a u s e  B c o e f f ic ie n t m a y  b e  a c c u r a te ly  

o b ta in e d  f ro m  th e  a v a ila b le  th e rm o d y n a m ic  d a ta .

T he S i lv e r -B is m u th  A lloy

A c tiv i t ie s  o f bo th  b is m u th  a n d  s i lv e r  p re v io u s ly  r e p o r te d  a r e

o
show n in  T a b le  XV. A c tiv it ie s  o f b is m u th  a t  1000 K in  th is  s tu d y  w e re

T A B L E  XV

COM PARISON O F THERM ODYNAM IC A C T IV IT IE S  
AT 950°K  AND A T iOOO°K

950°K  1000°K
T h is  S tudy G re g o rc z y k  (43, 44) T h is  S tudy  A ld re d < 4 -P ra tt  (45)

Alley
^B i ^Ag ^B i ^Ag ^B i ^Ag ^B i ^Ag

0 .8 -  - --- - - 0.18 0. 71 0.17 0. 72

0 .7 0 .3 7 0 .5 6 0. 49 0.61 0. 36 0. 57 0 .3 6 0. 56

0 .6 0. 54 0, 47 0. 65 0. 52 0 .5 3 0 .4 6 0. 54 0. 47

0 .5 0. 66 0 ,4 0 0 .7 5 0. 47 0. 65 0. 39 0. 65 0. 39

0 .4 0 .7 5 0 .3 4 0 .8 2 0 .4 2 0 .7 3 0. 34 0. 75 0 .3 4

0 .3 0. 81 0. 31 0. 87 0 .3 8 0, 81 0 .2 8 0 .8 4 0 ,2 7

0 .2 0 .8 6 0 .2 5 0 .9 3 0. 31 0 .8 6 0 .2 3 0 .9 0 0. 21

0 .1 0 .9 2 0.17 0. 97 0. 22 0 .9 2 0.15 0 .9 3 0.16
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c a lc u la te d  f ro m  th e  e x tra p o la te d  p r e s s u r e  v a lu e s  b eyond  th e  e x p e r im e n 

ta l  te m p e r a tu r e  ra n g e . A c tiv i t ie s  o f s i lv e r  w e re  co m p u ted  f r o m  th e  

G ib b s-D u h em  m te g ra t io n  w ith  th e  a lp h a  fu n c tio n . A  r e a s o n a b le  a g r e e 

m e n t b e tw een  a c t iv i ty  v a lu e s  of th e  p r e s e n t  s tu d y  an d  A ld re d  a n d  P r a t t 's  

v a lu e s  i s  e x h ib ited , b u t d is c r e p a n c ie s  b e tw ee n  G re g o rc z y k 's  a c t iv i t ie s  

an d  th e  v a lu e s  of th e  p r e s e n t  s tu d y  a r e  c le a r ly  show n. T he  d e v ia tio n  of 

th e  a c t iv i t ie s  o f b ism u th  f ro m  th e  id e a l  law  is  o b s e rv e d  to  b e  p o s i t iv e  in  

th e  b ism u th  r ic h  so lu tio n , a s  in  A ld re d  a n d  P r a t t ' s  in v e s t ig a tio n , n e g a 

tiv e  d e v ia tio n  f ro m  id e a l law  is  o b s e r v e d  in  th e  s i lv e r  r ic h  so lu tio n .

T he  m o la l e n tro p y  of liq u id  so lu tio n  show s th a t  th e  so lu tio n  d o es  

n o t b eh av e  a s  a  r e g u la r  so lu tio n  an d  th a t  a  s l ig h t p o s it iv e  e x c e s s  v a lu e  

i s  found a s  in  p re v io u s ly  r e p o r te d  r e s u l t s .

T he  m o la l  en th a lp y  of l iq u id  so lu tio n  show s i t s  m a x im u m  (a p 

p ro x im a te ly  550 c a l /m o l)  a t  30 a to m ic  p e r c e n t  b ism u th , t i i is  v a lu e  i s  

v e ry  h ig h  in  c o m p a r is o n  w ith  th e  r e s u l t s  by  th e  c a lo r im e t r ic  m e th o d , 

an d  a ls o  a  p la te a u  w h ich  i s  o b s e rv e d  in  th e  K le p p a 's  r e s u l t s  (46) i s  n o t 

show n in  th e  p r e s e n t  s tu d y . D e sp ite  th e  f a c t  th a t  u n c e r ta in t ie s  in  th e r m a l  

q u a n tit ie s  o b ta in e d  f ro m  th e  te m p e r a tu r e  c o e f f ic ie n t o f th e  v a p o r  p r e s 

s u re  a r e  c e r ta in ly  h ig h e r  th a n  th e  a c tiv ity , th e  d e f in ite  q u a li ta t iv e  t r e n d  

an d  m a g n itu d e  of en th a lp y  v a lu e s  a r e  in  re a s o n a b le  a g re e m e n t  w ith  th e  

r e s u l t s  o f th e  c a lo r im e t r ic  m e th o d .

T h e  u n c e r ta in t ie s  o f a c t iv i t ie s  a r e  e s t im a te d  to  b e  5% to  7% of 

th e  m e a s u r e d  v a lu e s  by a s s u m in g  th a t  a l l  e r r o r s  in  th e  a c t iv i t ie s  o c c u r
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in  th e  m e a s u r e m e n t  of aULoy TP^rci'r p r e s s u r e s .  3 y  ap p ly in g  th e  s a m e  

a s su m p tio n , th e  u n c e r ta in t ie s  ssf p a r t i a l  e n tro p ie s  o f  b is m u th  a r e  e s t i 

m a te d  to  be  1 to  2 c a l / g  m c â e .

A c o m p a r is o n  o f enîSnalpy r e s u l t s  p re v io u s ly  r e p o r te d  i s  g r a p h 

ic a l ly  show n in  F ig u r e  16 a n d  a ls o  d ie  c o m p a r is o n  o f th e rm o d y n a m ic  

p r o p e r t i e s  i s  g iv en  in  TaMLe

A r e t r o g r a d e  soihaisaMty a£ b ism u th  o c c u r s  in  th e  s i lv e r  r ic h  

so lu tio n . T he v a lu e  of p a r t i a l  m a la r  e n tro p y  o f b is m u th  n e e d e d  fo r  th e  

a p p e a ra n c e  of th is  p h e n a m e n a n  m a y  b e  l a r g e  (51). A  l a r g e  d is p a r i ty  of 

a to m  s iz e  a s  w e ll a s  th e  v a le n c e  c S ffe ren ce  b e tw e e n  c o m p o n en ts  m a y b e  

r e s p o n s ib le  f o r  su c h  a  p h en o m en o n . I t  i s  w e ll-k n o w n  th a t  e v e ry  c o n f ig 

u r a t io n a l  f a c to r  w h ich  r e f l e c t s  in  d ie  s i th a lp y  w i l l  a ls o  a f fe c t  th e  e x c e s s  

e n tro p y  of th e  so lu tio n . H ie r e f d r e ,  th e  l a r g e r  p o s i t iv e  {or n e g a tiv e )  

e n th a lp y  w h ich  i s  a t t r ib n te d  to  n a n c o n Ê g u ra tio n a i f a c to r s ,  th e  l a r g e r  

p o s i t iv e  (n e g a tiv e ) i s  th e  e x c e s s  s i t r o p y .  C o n je c tu re s  on  th e  v a r io u s  

s o u rc e s  of n o n c o n fig u ra tio n a l f e c to r s  h a v e  b e e n  m a d e  in  te x tb o o k s  on 

th e  s t a t i s t i c a l  th e rm o d y n a m d c s , b u t to  th is  w r i . t e r 's  k n o w led g e  no  th e o 

r e t i c a l  ju s t i f ic a t io n  can  b e  Æoannd in  th e  l i t e r a t u r e .  In  th e  s i lv e r - b is m u th  

l iq u id  s y s te m , th e  p a r t i a l  f r e e  e n e rg y  of c o m p o n en ts  a r e  found  to  be  

in f le c te d . T he  c h a r a c t e r i s t i c s  o£ in f le c tio n  ^ e n E n e n a  c a n  b e  e x p la in e d  

o n ly  by th e  f a c t  th a t  tw o TKnrmfr/nTtn̂ T.gn-ratirm sl f a c to r s  c o n tr ib u te  to  th e  e x 

c e s s  th e rm o d y n a m ic  q u a n ti t ie s  in  th e  o p p o s in g  d i r e c t io n s .  In  o th e r  w o rd s , 

th e  p o s i t iv e  c o n tr ib u tio n  to  th e  e x c e s s  th e rm o d y n a m ic  q u a n tit ie s  f r o m  one
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Fig. 16— The Comparison of Molal Enlhalpios

Legend Presen t  Study 

Pratt  and Aldred (45)

#  #  e  e  #  Kleppo ( 4 6 )



T A B L E  XVI

C O M PA R ISO N  O F  TH E R M O D Y N A M IC  P R O P E R T IE S  A T  1000°K

A llo y
C o m p o s itio n

” Ag A F ( c a l /m o le )

T h is  S tudy  

A S (c a l /m o l .  deg ) A H (c a l/m o le ) A F ( c a l /m o le )

A ld re d  a n d  P r a t t  

A S (c a l /m o l .  deg) A H (c a l /m o le )

0 .9 * -8 2 6 . 8 0. 84 13 -8 7 5 -  -

0. 818** -1171. 6 -  - -  - -  - -  -

0. 8 -1226 . 4 1. 33 110 -1240 i .  37 120

0. 7 -1405 . 3 1. 60 198 -1410 1. 63 220

0 .6 -1 4 3 2 .4 1. 780 348 -1450 1. 79 340

0. 5 -1 3 7 1 .4 1. 87 509 -1385 1. 85 460

0 .4 -1243 .1 1. 73 489 -1250 1. 76 500

0. 3 -1060 . 3 1. 58 525 -1040 1. 51 460

0 .2 - 8 2 2 ,4 1. 21 386 -7 9 5 1.12 330

0 .1 -5 4 0 . 7 0. 75 217 -4 7 0 0. 67 200

-j

* S u p e rc o o le d  r e g io n

* * P h a s e  b o u n d a ry
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n o n c o n f ig u ra tio n a l f a c to r  p r e v a i l s  in  a  l im i te d  ra n g e  o f c o m p o s itio n , in  

tu rn , i t  i s  g ra d u a lly  c o u n te rb a la n c e d  by th e  o th e r  n o n c o n f ig u ra tio n a l 

f a c to r  w h ich  c o n tr ib u te s  to  n e g a tiv e  e x c e s s  q u a n ti t ie s .



C H A P T E R  IV 

CONCLUSIONS

1. A  to r s io n -K n u d s en E f fu s io n -R e c o il  a p p a r a tu s  w ith  cin a u to 

m a tic  c o n tro ll in g  an d  m ic ro b a lc in c e  s y s te m  w a s  d e v is e d  w h ic h  p e r m i t s  

th e  e q u il ib r iu m  s tu d y  of tw o s p e c ie s  v a p o r  w ith  b o th  c o n v e n ie n c e  and  

p r e c is io n .  In  m a n y  s u b s ta n c e s , e . g . ,  s u lfu r ,  s e le n iu m , so d iu m , s u l 

f id e s , c h lo r id e s ,  i t  h a s  b een  p ro v e d  th a t  v a p o rs  u n d e r  e q u il ib r iu m  c o n 

s i s t  o f tw o s p e c ie s  in  a  c e r ta in  in te r v a l  of t e m p e r a tu r e s .  T h e  a p p l ic a 

tio n  of th is  te c h n iq u e  to  such  s u b s ta n c e s  i s  s u i ta b le .

2. T h e  a v e r a g e  m o le c u la r  w e ig h t o f le a d  w a s  d e te r m in e d  to  be  

207 ^  2. 27, in  th e  ra n g e  of t e m p e r a tu r e  870°K  to 9 8 0°K . T h e  m o le c u la r  

w e ig h t o f le a d  d e te rm in e d  i s  m o n a to m ic . T he  h e a t  o f v a p o r iz a t io n  of 

l e a d  by  th e  th i r d  law  m e th o d  w as  d e te r m in e d  to  be  46 . 00 0. 02 k c a l / g -

a to m  a t  298°K . T he  b e s t  c o r r e la t io n  of th e  e x p e r im e n ta l  d a ta  on  le a d

i s  g iv en  by  th e  fo llow ing  eq u a tio n :

lo g P ( a tm )  = (-10 ,186  + 119)/T  - 1.1071 log  T +

(8 . 738 + 0 .123)

3. T he  a v e r a g e  m o le c u la r  w e ig h t of b is m u th  w a s  d e te rm in e d

76
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a s  th e  fu n c tio n  of te m p e r a tu r e  a s s u m in g  th e  p r e s e n c e  o f a  m o n o m e r  an d  

d im e r  s p e c ie s .  T he b ism u th  v a p o r  c o m p o s itio n  i s  a p p ro x im a te ly  65 p e r  

c e n t B ig an d  35 p e r  c e n t B i in  th e  te m p e r a tu r e  r a n g e  o f in v e s t ig a tio n , 

850°K  to  950°K . T he c o r r e la t io n  o f e x p e r im e n ta l ly  d e te rm in e d  m o le c u la r  

w e ig h ts  a s  a  fu n c tio n  o f te m p e r a tu r e  i a  g iv en  by  th e  fo llo w in g  eq u a tio n ;

log  M = (93. 611 + 3. 5 4 6 ) /T  + (2 . 433 + 0. 039)

T he  fo llow ing  eq u a tio n  r e p r e s e n t s  th e  o b s e r v e d  to ta l  v a p o r  p r e s s u r e  of

o ob is m u th  in  th e  te m p e r a tu r e  ra n g e , 850 K to  950 K:

lo g P ( a tm )  -  (5 . 24 + 0 .2 4 )  - (9, 656 + 2 18)/T

T he  a v e ra g e  h e a ts  of v a p o r iz a t io n  o f th e  b is m u th  s p e c ie s  by  th e  t l i i r d  

law  m e th o d  w e re  d e te rm in e d  to  be :

2 \ H ° 9 8  = 50.18 ^  0. 07 k c a l /g - a to m  fo r  th e  m o n o m e r  

o
A H 2 9 8  = 52. 83 0. 0 9  k c a l /g - m o le  f o r  th e  d im e r

T he e q u ilib r iu m  c o n s ta n t  a s  th e  fu n c tio n  o f t e m p e r a tu r e  i s  g iv en  by  th e  

fo llow ing  eq u atio n :

log  K (a tm ) = (5 . 766 + 0. 439) + (-10, 782 + 3 9 6 ) /T

o
4. T he  m e a s u r e d  a c t iv i ty  c o e f f ic ie n t  o f b is m u th  a t  950 K  is

g r e a t e r  th a n  o ne  in  th e  b ism u th  r ic h  so lu tio n  an d  l e s s  th a n  o ne  in  th e

s i lv e r  r ic h  so lu tio n ; th e  in f le c tio n  p o in t of th e  a c t iv i ty  c o e f f ic ie n t o c c u r s
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a t  = 0. 23. T h e  a c t iv i ty  c o e f f ic ie n t of s i lv e r  ( r e la t iv e  to  th e  s u p e r 

c o o led  liq u id  of s i lv e r )  i s  g r e a te r  th an  one  in  th e  b is m u th  r ic h  so lu tio n  

an d  l e s s  th an  one in  th e  s i lv e r  r ic h  so lu tio n  an d  show s éin in f le c tio n  p o in t

a t  N = 0. 7. T he e n tro p y  of th e  liq u id  so lu tio n  d o es  n o t fo llow  th e  re g u -  S i

l a r  so lu tio n  m o d e l; i t  e x h ib its  a  s l ig h t p o s i t iv e  e x c e s s  e n tro p y . T he e n 

th a lp y  of th e  liq u id  so lu tio n  e x h ib its  a  m a x im u m  (a p p ro x im a te ly  550 k c a l /  

g -m o le )  a t = 0. 6.
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APPENDIX A

CELL CONSTANTS

C ell A

aĵ  = 3.173 X 10 ^ cm ^ 

= 3. 041 X 10 ^ cm ^

= . 53 cm  

= .5 0  cm

= . 779 

i2  = . 776

\  = . 717

ko = .713

C ell B

aĵ  = . 005340 cm  

a-2 = . 006420 cm^

q^ = .4 8 3  cm  

q 2  = .4 7 8  cm

= . 7537

£ 2  = . 7709

. 6880 

. 7073

C ell C

= . 007628 cm^

a^  = . 008928 cm

qĵ  -  . 445 cm  

q - = .4 3 0  cm

= . 76U 

£g = .7675 ^2 =

. 6 9 6 2

. 7032

A-1



APPENDIX B

L E A D  R E SU L T S

T em p .
(°K ) C e ll

G
( g r a m s / s e c )

P
(a tm . )

^ 2 9 8
(k c a l /g - a to m ) M  = M

876. 6 C 1. 750 X 10"^ 7. 024 X 1 0 '^ 46. 6 0 204. 9

876. 7 B -  - 7 .2 6 4 46. 58 -

887. 2 B -  - 9 .415

-6

4 6 , 64 -

892. 8 C 2. 776 1.122 X 10 46. 62 206. 0

898, 7 B 2. 336 1. 345 46. 58 203. 2

909. 0 C 4 .271 1. 719 46. 64 211. 4

920. 5 C 5 .9 4 3 2. 442 46. 57 205 . 3

923. 0 B 4. 546 2. 608 46. 57 210. 0

934. 5 C 8.419 3 .4 2 6 46. 62 2 1 2 .4

943. 0 B 7. 269 4 .3 0 2 46. 6 0 201. 7

950. 0 C 1. 242 X 10"^ 5.133 46. 6 0 209. 3

960. 7 B 1.140 6. 6 9 3 46. 6 0 208. 6

974. 5 B 1. 568 9 .2 7 3 46. 6 1 208. 6

A v e ra g e  46. 60 207. 4

A -2



APPENDIX C

B ISM U TH  R E S U L T S

T e m p .
(°K ) C e ll

G
( g r a m s / s e c )

^1  
( a tm . )

^ 2  
( a tm . )

■LJ®
^ 2 9 8 1

(k c a l)
(g - a to m )

^ 2 9 8  2 
(k c a l)  

(g - m o le )

o
^ 2 9 8

(k c a l)
(g -m o le ) M M l

8 4 8 . 7 C 2. 333 X 10“ ^ 2. 312 X 10"^ 4. 818 X 10"^ 50. 20
\

52. 73 46 . 67 342 . 4 350 . 2

861. 7 3 .5 9 9 3. 703 7. 411 50. 09 52. 67 47 . 51 340 . 4 3 4 8 .4

8 7 0 . 0 4. 588 4. 826 9. 433 50. 07 52. 66 47. 48 339 . 2 347. 3

87 2 . 2 B 3. 370 5. Oil 9 . 787 50 .13 52. 69 47. 57 339 . 2 3 4 7 .2

8 9 6 . 5 6. 270 9. 688 1. 829 X 10"^ 50. 23 52. 76 47. 70 337 . 5 345 . 6

916. 5 1. 087 X 10"^ 1. 767 X 10“^ 3 .1 5 4 50. 26 5 2 .9 7 47. 55 334 . 7 343. 0

917. 7 1 .2 0 4 1.971 3 ,4 8 9 50.11 52. 84 47. 30 334. 3 342. 6

933 . 2 1. 669. 2. 766 4. 870 50. 28 52. 97 47. 59 334 . 0 342. 3

9 3 7 . 7 1. 976 3. 326 5. 749 50 .17 52. 90 47. 44 3 3 3 .1 3 4 1 .4

9 4 3 . 8 2 .182 3. 698 6. 357 50. 27 53. 00 47 . 54 332 . 8 341.1

9 5 3 . 7 2. 839 4. 907 8. 266 50. 22 52. 98 47. 46 331. 8 3 4 0 .1

Av@rag@ 50.18 52. 83 47. 46



APPENDIX D

X „ . = 0. 865 A LLO YHi

C ell B
T em p .
(°K ) G P P i P 2 M M l

892 . 7 5. 041x10"^ 2 .2 5 9 x 1 0 '^ 8 .2 8 8 x 1 0 '^ 1. 430x10"^ 333. 0 341.3

903. 7
-7

6. 847x10 3. 093x10’ ^ 1.149x10"^ 1. 943x10"^ 331.9 340. 2

914. 7 8. 888x10"^ 4 . 047x10"^ 1. 531x10"^ 2. 516x10“ ^ 3 3 0 .4 338. 9

928. 2 1. 263x10"^ 5 .8 0 8 x 1 0 "^ 2. 237x10"^ 3. 570x10“^ 3 2 8 .9 3 3 7 .4

942. 7 1. 799 x 1 0 '^ 8 . 348x10"^ 3.251x10"^ 5. 096x10"^ 328. 0 336. 5

953. 6 2. 368x10"^ 1.107x10*^ 4 .3 9 5 x 1 0 "^ 6. 6 8 0 x 1 0 '^ 326. 4 335. 0

T em p .
(°K ) G

X „ . = 0. 79 A LLO Y  

C e ll B 

p  P i P 2 M M l

889. 2 4. 200x10“^ 1. 883x10"^ 7. 022x10“ ’̂ 1.180x10"^ 3 2 9 .8 3 3 9 .4

914 .4 8.117x10"^ 3 . 711x10'^ 1. 451x10'^ 2. 260x10"^ 327. 7 3 3 6 .2

9 2 3 .2 1. 017x10'^ 4 . 679x10"^ 1.845x10"^ 2 .8 3 3 x 1 0 “^ 326. 9 335. 5

933. 7 1. 324x 1 0 '^ 6.130x10"^ 2 .4 3 1 x 1 0 '^ 3 .6 9 8 x 1 0 “^ 326. 5 335. 0

941. 7 1. 618x10"^ 7. 528x10"^ 3. 007x10"^ 4. 520x10"^ 325. 8 3 3 4 .4

951 .5 2. 070x10"^ 9 .7 0 5 x 1 0 "^ 3. 950x10"^ 5. 754x10“^ 324. 2 3 3 2 .9

A -4
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X „ . = 0. 682 A LLO YMl

C e ll B

T em p .
(°K ) G P P i P 2 M M i

890 . 5 3 .9 3 2 x 1 0 '^ 1. 775x10"^ 6. 968x10"^ 1. 0 7 8 x 1 0 '^ 3 2 7 .4 335. 9

9 0 5 .2 5.901x10“ ^ 2. 689x 1 0 '^ 1. 066x10"^ 1. 623x10"^ 326. 5 335 .1

916. 2 7. 535x10"^ 3 .4 6 9 x 1 0 ’ ^ 1. 418x10"^ 2. 051x10"^ 3 2 3 .9 332. 5

9 3 2 .7 1.144x10"^ 5 .3 2 3 x 1 0 "^ 2. 2 0 4 x 1 0 '^ 3 .119x10 '^ 322. 7 33 1 .4

945 . 5 1. 609x10"^ 7. 554x10"^ 3 .174x10"^ 4. 380x10"^ 3 21 .4 33 0 .1

961. 0 2 .2 8 9 x 1 0 "^ 1. 085x10"^ 4. 639x10"^ 6 .2 2 0 x 1 0 "^ 319.9 328. 7

522 A LLO Y

C e ll B

T e m p .
(°K ) G P P i P 2 M M i

897. 6
-7

3. 442x10 1. 586x10"^ 7. 034x10 '^ 8 .8 3 5 x 1 0 "^ 316. 5 325. 3

9 1 4 .4 5.301x10"^ 2 .4 6 0 x 1 0 "^ 1. 073x10"^ 1. 387x10“^ 318. 0 326. 8

9 2 9 .6 7 .987x10"^ 3. 764x10"^ 1. 721x10'^ 2. 043x10"^ 313. 5 322. 4

943 . 0 1 .108 x 1 0 '^ 5 .269x10"^ 2 .4 3 7 x 1 0 “^
-6

2 .832x10 312 .4 321.3

9 5 3 .2
-6

1. 378x10 6, 613x10 ^ 3 .1 2 9 x 1 0 '^ 3 .4 8 3 x 1 0 "^ 310.1 319. 0

972 . 7 2.168x10"^ 1. 053x10"^ 5. 069x10 '^ 5. 466x10 3 0 8 .4 3 17 .4



A”6

X „ . = 0. 400 A LLO YB i

C e ll B

T e m p .
(°K ) G P P i P 2 M

912. 7 4 .107x10" ’̂ 1 .936x10"^ 9. 385x10"^ 9. 978x10"*^ 307. 7 316. 7

9 2 9 .2 6. 206x10"'^ 2 .9 5 7 x 1 0 "^ 1. 451x10“^ 1. 506x10“ ^ 306. 4 315 .4

943. 0 8. 670x10"^ 4 .1 6 7 x 1 0 '^ 2. 060x10"^ 2 .106x10"^ 3 0 5 .7 314. 6

954. 7 1. 087x10"^ 5. 2 9 5 x 1 0 '^ 2. 730x10"^ 2. 565x10 ^ 301.3 310. 2

964 . 4 1. 453x10"^ 7.109x10"^ 3. 649x10"^ 3 .4 6 0 x 1 0 "^ 301. 7 310. 7

974 .1 1. 716x10 '^ 8 .4 3 9 x 1 0 "^ 4. 341x10 '^ 4. 097x10"^ 301. 5 310 .4

:^Bi =
311 A LL O Y

C e ll B

T em p .
(°K ) G P P i P 2 M

9 2 2 .2 3 .2 2 9 x 1 0 '^ 1. 573x10"^ 8. 881x10'^ 6. 849x10“^ 291.1 300. 0

933. 0 4. 067x10"^ 2 . 003x10"^ 1.160x10"^ 8. 423x10"^ 288 .1 296. 8

943 . 0 5 .2 92x10"^ 2. 621x10"^ 1. 522x10"^ 1. 098x10"^ 2 8 7 .8 296. 5

956. 5 7 .2 2 0 x 1 0 “^ 3. 615x10-^ 2.139x10"^ 1. 476x10"^ 285. 6 2 9 4 .3

9 7 3 .3 1. 053x10"^ 5. 335x10"^ 3. 2 0 2 x 1 0 '^ 2 .133x10"^ 2 8 3 .9 292. 5

989 . 5 1. 499x10"^ 7 .6 8 5 x 1 0 '^ 4. 684x10“^ 3. OOlxlo"^ 282. 0 290. 6
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X _ . = 0. 29 A LLO YrJi

C e ll B

T em p .
(°K ) G P P i P 2 M Mi

973. 2 9. 357x10"’̂ 4 . 7 7 0x10 '^ 2. 949x10"^ 1. 820x10"^ 280. 3 2 8 8 .7

964. 7 7. 575x10"^ 3 .8 4 3 x 1 0 “ ^ 2. 371x10"^ 1. 472x10"^ 280. 5 289. 0

951.2 5. 556x10"’̂ 2. 795x10 '^ 1. 714x10“^ 1. 081x10"^ 281.3 289. 8

9 4 3 .2 4. 515x10"’̂ 2. 258x10 '^ 1. 372x10"^ 8. 885x10"'^ 282. 4 2 9 0 .9

9 2 3 .2 2. 830x10"’̂ 1. 398x10"^ 8. 426x10-"^ 5 .5 5 6 x 1 0 "^ 2 8 3 .4 292. 0

229 A LL O Y

-
C e ll B

T em p .
(°K ) G P P i P 2 M Mi

946. 0 2 .0 9 7 x 1 0 "^ 1 .102x10 '^ 8 .1 4 5 x 1 0 " ’̂ 2. 877x10“ ’̂ 256 . 6 263. 5

959. 0 2 .9 4 8 x 1 0 "^ 1. 559x10’ ^ 1.150x10"^ 4. 084x10"^ 2 5 6 .8 2 6 3 .7

9 7 7 .4 4. 512x10 '”̂ 2. 418x10"^ 1. 812x10“^ 6. 068x10 ^ 254. 6 261 .4

989. 0 5.718x10"^ 3. 090x10"^ 2. 334x10"^ 7. 557x10"’̂ 2 5 3 .4 260 .1

1002 .0 7. 732x10"^ 4. 205x10"^ 3.175x10"^ 1. 0 2 9 x 1 0 "^ 253. 5 260 .1



A-8

= 0. 080 ALLOY
Ü1

C ell B

T em p .
(°K ) G P P i P 2 M M.

9 4L 5
-7

1. 685x10
-7

8.872x10
_ Y

6, 650x10 2. 221x10'^ 254. 6 261.3

953. 5 2. 066x10 ^ 1.102x10"^ 8. 466x10 ^ 2. 555x10 '^ 251. 0 2 5 7 .4

9 6 7 .2 2. 559x10"^ 1. 384x10“^ -61. 088x10 2. 956x10"^ 247. 6 2 5 3 .6

980. 0 3.112x10"’̂ 1. 706x10"^ 1. 375x10"^ 3.313x10-"^ 2 4 3 .9 2 4 9 .5

1003 ,0 4. 344x10"^ 2. 431x10"^ 2. 016x10’ ^ 4 .147x10" ’̂ 2 3 9 .5 2 4 4 .6
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APPENDIX E 

SILVER-BISMUTH PHASE DIAGRAM (15)
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A P P E N D IX  F  

C H EM IC A L ANALYSIS O F  A LLO Y S

T en  g ra m s  o f KCNS w a s  d is s o lv e d  in  1000 m l o f d is t i l le d  w a te r .  

T h is  so lu tio n  w a s  th e n  s ta n d a rd iz e d  a g a in s t  25 m l  o f 0. IN AgNOg s o lu 

tio n , u s in g  f e r r i c  a m m o n iu m  s u lfa te  a s  an  in d ic a to r .  T he  end  p o in t i s  

c h a r a c te r iz e d  by  a  fa in t  b ro w n  c o lo r  a d s o r b e d  on th e  F eCNS co m p le x .

Two s a m p le s  of e ac h  s i lv e r  a llo y  w e re  w e ig h e d  o u t and  d is s o lv e d  

in  15-20  m l  of 1: 1 n i t r i c  a c id  so lu tio n . T he  o x id e s  of n i t r o g e n  w e re  th e n  

b o ile d  o u t u n ti l  th e  v a p o r  ab o v e  th e  so lu tio n  w as  c o lo r l e s s .  T i t r a t io n  

w a s  p e r f o r m e d  w ith  KCNS a s  in d ic a to r  F eN H ^SO ^ u n ti l  fa in t  b ro w n  

c o lo re d  end  p o in t i s  o b s e rv e d .

S e v e ra l  d if f e r e n t  c o m p o s itio n s  of s i lv e r - b i s m u th  m ix tu r e  (c o m 

p o s it io n  i s  d e te rm in e d  by a n a ly t ic a l  b a la n c e )  w e re  p r e p a r e d  an d  c h e m i

c a l ly  a n a ly z e d  by  th e  s a m e  m a n n e r .  R e s u l ts  o f c h e m ic a l  a n a ly s is  a r e  

show n in  T a b le  A.

T A B L E  A

S a m p le  wt%  of Ag wt%  of Ag (by t i t r a t io n )

N o. 1 64. 86 65. 0
N o. 2 3 6 .9 7  37. 23
N o. 3 4 9 .9 5  49. 58
N o. 4 95 . 67 9 6 .3 5
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A ny c o n c e iv a b le  in t e r f e r e n c e  due  to  b is m u th  io n  w as  n o t o b 

s e r v e d  in  th e  w id e  ra n g e  of a llo y  c o m p o s itio n . T h e  end  p o in t i s  f a i r ly  

s h a rp  an d  e a s i ly  re p ro d u c ib le  in  m o s t  c a s e s .



APPENDIX G

T H E  TH IRD  LAW  M ETH O D  AND T H E  SECOND LA W  M ETH O D

T he T h ird  L aw  M ethod

B y th e  a p p lic a tio n  of th e  th i r d  law , th e  e n tro p y  ch an g e  A S ^  = 

S ^ (g ) - S ^ (c )  fo r  th e  v a p o r iz a t io n  in  th e i r  s ta n d a rd  s t a t e s  a t  T °K  is :

,T  298 ,T
A s ° = j ^ C p d l n T  = j  A C p  d l n T  + , 'A C p d l n T

298

and  th e  F r e e  E n e rg y  F u n c tio n  (fef) i s :

^ ^ T  ' ^ ^ 2 9 8  -  “ ^298^®^ F ^ ( c )  -  H 2 ^ q( c )

m a y  be r e w r i t te n  a s :  ^ ^ ^ o o

(1 )

o r
.T

A s °  = A s ° ^ g  + ' A C p  d l n T  (2)
t 9 8

An e n th a lp y  ch an g e  fo r  th e  v a p o r iz a t io n  is

T

^  «T =^«298 + /  ^  S  "  <51
298

(4)
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In  e q u a tio n  (4), th e  f i r s t  t e r m  on  th e  r ig h t  i s  id e n t ic a l  to  ( -  R ln p )  

a n d  a ls o  th e  s e c o n d  an d  th i r d  t e r m s  on th e  r ig h t  i s  r e a r r a n g e d  to

- A S ° - =  )  A C p  dT  -J a c „  d l n T  (5)

298 298

T h o se  t e r m s  cêin b e  o b ta in e d  f r o m  th e  s ta n d a rd  ta b u la t io n s  w h ich  

i s  b a s e d  on s p e c tro s c o p ic  an d  h e a t  c a p a c ity  d a ta . T h en  th e  s ta n d a r d  e n 

th a lp y  ch an g e  o f v a p o r iz a t io n  m a y  b e  c a lc u la te d  f ro m  e a c h  e x p e r im e n ta l  

v a p o r  p r e s s u r e .

T he S econd  L aw  M eth o d

If  A fe f  i s  n e a r ly  c o n s ta n t o v e r  th e  te m p e r a tu r e  ra n g e  w h e re  th e  

e x p e r im e n ta l  v a p o r  p r e s s u r e  h a s  b e e n  m e a s u re d ,  th e  v a p o r  p r e s s u r e  

d a ta  a r e  c o r r e l a t e d  to

lo g P ( a tm )  = - ^  + C (6)

A h °  „
T h e re fo re ,  A  (s lo p e  = ----------  . S in ce  AAH i s  r e g a r d e d  a s  an  e n th a lp y

4 .5 7 5 8  ^
of v a p o r iz a t io n  a t  th e  m e a n  te m p e r a tu r e  o f e sq je rim en t m e a s u r e m e n ts .  

F r o m  th e  e x p e r im e n ta l ly  d e te rm in e d  A h ^ ,  an  e n th a lp y  of v a p o r iz a t io n  

a t  298°K  m a y  b e  co m p u te d  su ch  a s :

A h ° ^ 8 - ( H ^ g )  -  + ( H ° ( c )  -  H ° ,g (c ) )

In  th e  scim e m éinner, th e  e n tro p y  o f v a p o r iz a t io n  c an  b e  c o m p u te d  

f ro m  an  in te r c e p t  o f eq u a tio n  (6) su ch  a s
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A  $ 2 9 8  = A s °  -  (8 ^ (8 )  - S g ggfg )) _ (S ^ (c )  -  )

T he sec o n d  an d  th i r d  t e r m s  can  b e  c o m p u te d  f ro m  th e  s ta n d a rd  

ta b u la t io n s .



APPENDIX H

ER R O RS IN E X P E R IM E N T A L  M EA SU R EM EN TS

T he e s t im a te  of th e  m a x im u m  p ro p a g a te d  e r r o r s  in  th e  e x p e r i 

m e n ta l  m e a s u r e m e n ts  i s  i l l u s t r a t e d  by th e  fo llo w in g  e x a m p le s :

(A) T he  m a x im u m  p ro p a g a te d  e r r o r  in  th e  to rq u e  p r e s s u r e  m e a s u r e 

m e n t is :

= + é®  + ^  + ^292^2 )
P  -  B -  o< (a^q ifi + a^qg fg )

= 2. 4% + 5% + 1. 68% = 9. 08%

(i) th e  m a x im u m  e r r o r  due to  th e  to r s io n  c o n s ta n t can  be  e s t i 

m a te d  f ro m  th e  fo llo w in g  r e la t io n .

, 2  2 - 2tt m r

th u s

^  = + ^  + 2 ^  = 2 X 10-3 +
3 — r  — m — t

-3  -2
2 X 10 + 2 x 1 0  = 2 . 4 %

(ii) th e  m a x im u m  e r r o r  due to  th e  a n g le  o f d e f le c tio n  w ill o c c u r
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w hen re a d in g  th e  s m a l le s t  a n g le  of d e f le c tio n  w h ich  i s  5 s c a le  

d iv is io n s ; th e  s c a le  can  be  r e a d  to  o n e -h a lf  o f a  d iv is io n , th a t  

is ,  th e  e r r o r  in  re a d in g  c o r r e s p o n d s  to  o n e - fo u r th  of a  d iv is io n , 

( i i i )  th e  m a x im u m  e r r o r  due  to  th e  a r e a  o f th e  h o le s , p e rp e n d ic u la r  

d is ta n c e  b e tw een  th e  s u sp e n s io n  p o in t an d  h o le s , and  o r i f ic e  

c o e ff ic ie n t i s

= 9 . 2 5 x 1 0 '^  = l . 6 8 x  10-Z = 1. 68%
'^1%^1 ^ 5 .5  X 10"2

th e  e s t im a te d  m a x im u m  e r r o r s  of m e a s u r e m e n t  fo r  e ach  c e l l  

d im e n s io n  a r e ;

Aa]^ = 1. 0 X 10"^ cm ^ — A a2  

A  = 1. 0 X  10 ^ cm  =  A q

^fj^ = 1. 0 X  10 ^ =  A f 2

S ince

A  (a^q^f^ + ag q ^ fg ) =  [(a^f^ + a^ fg ) A a  

+ (aĵ fĵ  -  a2f2%Sq + (a^qj^ + a2^^2^^ J

= (0 . 8) X 10“® + (9. 5 X 10“®) X 10“® + (7. 5 X 10“®) x  lO '^

-5
= 9 .2 5  X 10

(B) T he m a x im u m  p ro p a g a te d  e r r o r  fo r  th e  m o le c u la r  w e ig h t m e a s u r e 

m e n ts .

A m   ̂ + ? ^ G / t  + 2 ^  + 2 ^ta^k^ +
M -  T -  G / t  -  P  -  (a^k^ + a2k2)
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= (0 . 2%) + ( 2 x 2 .  98%) + (2 .x  9. 08%) + (2 x  1. 61%)

= 27. 54%

(i) th e  m a x im u m  e r r o r  due  to  th e  t e m p e r a tu r e  m e a s u r e m e n t

= 0. 2%
T

( i i )  th e  m a x im u m  e r r o r  due  to  th e  m a s s  e ffu s io n  r a t e  i s

= + —  + ^  = I. 32% + 1. 66% = 2. 98%
G / t  -  G t

( i i i )  th e  m a x im u m  e r r o r  due to  m e a s u r e m e n t  o f c e l l  d im e n s io n  

i s

A (a^k^ + a^ k ^ ) (k^ + k ^)A a (a^ + a2)A k

(a^kj^ + a^k g ) ~  (aj^kj  ̂ + a ^ k ^ ) "  (â k̂ĵ  + a^ k ^ )

1. 5 X  10~^ ^ (1 .5  x lO '^ )  x l O ' Z 
8 :2  x lO - 3  -  g^2 x l o - 3

1. 46 X 10  ̂ + 1. 46 X 10 = 1. 61%



APPENDIX I

T H E  G IB B S-D U H E M  IN T EG R A T IO N

U sin g  th e  b a s ic  G ib b s -D u h e m  eq u atio n :

® A g

a n d  s u b s ti tu tin g .

H e n ce

d l n v ^ g  = -  2 “ B i N B i® A g  ‘  N A g ^ B id ^ B i

I n te g ra t in g  th e  ab o v e  eq u a tio n  f ro m  th e  s o lu b ili ty  l im i t  o f s i lv e r

in  b is m u th  to  a  lo w e r  c o n c e n tra t io n  f o r  a  g iv en  t e m p e r a tu r e  g iv e s :

^ A g  %  ,^ A g

;  * d h iT A g  = -  ;  ^ 2 a a .N ,% d N j^ _  j  N A g * ^ 3 id * B i

^ A g  ^ A g

.  *
' a _  d N , - a _ .N .  N „ .  + a  "N  "NJ  " B i ^ ^ ' A g  -  " B i " A g " B i  "  " B i ^ B i ' A g

^ A g
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T h e re fo re ,

N .

1“  = - j  “ B i^ A g  - “ BiN A gN si + <‘B*NB>Ag <̂ >

N a |

If  -y^* i s  in d e p e n d e n tly  know n, a t  a  g iven  c o m p o s itio n  can

be  d e te rm in e d  by  p lo ttin g  a ^ .  v e r s u s  c o m p o s itio n s . In  th e  s i lv e r - b is m u th

s y s te m , y * ,  a c t iv i ty  c o e f f ic ie n t of s i lv e r  a t  l i  qui dus p o in t r e la t iv e  to  
Ag

th e  s u p e rc o o le d  liq u id  of s i lv e r  a t  a  c o r re s p o n d in g  te m p e r a tu r e ,  i s  c a lc u 

la te d  f ro m  th e  a v a ila b le  th e rm o d y n a m ic  d a ta  of s i lv e r  m e ta l ,  ap p ly in g  an  

a s s u m p tio n  th a t  s i lv e r  fo llo w s th e  R a o u l t 's  law  in  th e  s i lv e r  r ic h  p r im a r y  

so lid  so lu tio n .

In  o r d e r  to d e te rm in e  th e  a c t iv i t i e s  of s i lv e r  in  th e  s u p e rc o o le d  

re g io n , e q u a tio n  (3) i s  t r a n s f o r m e d  to  be,

A g = ^

^ A g

T he r ig h t  h a n d  s id e  of eq u a tio n  (4) c an  b e  d e te rm in e d  an d  a ls o  th e  v a lu e  

is  e q u iv a le n t to  th e  a r e a  of 1 /2  + o ^ )  , w h e re  is  th e

v a lu e  of a lp h a  fu n c tio n  a t  = 1 (o r  = 0), if  Ug^ fu n c tio n  i s  a s s u m e d  

to  b e h av e  l in e a r ly  w ith  c o m p o s itio n . T h u s, Ug^ a t  N g^ c an  b e  re a d i ly  

o b ta in e d  f ro m  th e  ab o v e  r e la t io n s h ip .


