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CALCULATION OF THE SPECIFIC AND VOLUMETRIC 
ENTHALPIES OF Ge-Si ALLOYS 

V a s i l i o s  Alexiades 

ABSTRACT 

A procedure i s  developed f o r  t h e  c a l c u l a t i o n  of 
s p e c i f i c  and volumetr ic  e n t h a l p i e s  of Ge-Si a l l o y s  a s  an  
i n i t i a l  s t e p  i n  t h e  e v a l u a t i o n  of t h e s e  m a t e r i a l s  f o r  hea t  
s t o r a g e  i n  s o l a r  dynamic power systems. The c a l c u l a t i o n  i s  
based on t h e  thermodynamics of non-ideal s o l u t i o n s  and t h e  
r epor t ed  " regular"  n a t u r e  of l i q u i d  and s o l i d  Ge-Si so lu-  
t i o n s .  With only minor mod i f i ca t ions ,  all of t h e  o t h e r  
thermodynamics p r o p e r t i e s  of t h i s  a l l o y  system may add i -  
t i o n a l l y  be eva lua ted .  

Use of Ge-Si a l l o y s  f o r  h e a t  s t o r a g e  purposes i n  s o l a r  
r e c e i v e r s  e n t a i l s  bo th  n e g a t i v e  and p o s i t i v e  a spec t s .  The 
n e g a t i v e  a s p e c t s  r e l a t e  l a r g e l y  t o  t h e  non-congruent n a t u r e  
of t h e  phase change p rocess  which p rec ludes  i so the rma l  h e a t  
de l ive ry .  However, on t h e  p o s i t i v e  s i d e  a r e  high thermal  
conductance,  low volume change on me l t ing ,  and t h e  
a v a i l a b i l i t y  of a range of h e a t  d e l i v e r y  tempera tures  by 
m o d i f i c a t i o n  of o n l y  t h e  a l l o y  composition. 

1. INTRODUCTION 

So la r  dynamic power systems a r e  g e n e r a l l y  designed t o  inc lude  a 

thermal  s t o r a g e  m a t e r i a l  i n  t h e  r e c e i v e r  which provides  h e a t  t o  t h e  

t u r b i n e  f l u i d  du r ing  t h e  e c l i p s e  p o r t i o n  of t h e  cycle by t h e  r e l e a s e  of 

t h e  l a t e n t  h e a t  of f u s i o n  of a phase change m a t e r i a l  (PCM). I d e a l l y ,  

one would s e l e c t  a congruent ly  me l t ing  m a t e r i a l  f o r  t h l s  purpose,  i.e., 

e i t h e r  a pure compound o r  a e u t e c t i c  mixture ,  s o  t h a t  t h e  f r e e z i n g  o r  

mel t ing  process  may t a k e  p l a c e  wi th  no composi t iona l  change r equ i r ed  be- 

tween l i q u i d  o r  s o l i d  phases.  I n  such a c a s e ,  t h e  h e a t  release would be 

i so the rma l ,  a t  l e a s t  t h e o r e t i c a l l y ,  which i s  most a p p r o p r i a t e  f o r  t h e  

h e a t i n g  p o r t i o n  of a thermodynamic cyc le .  In p r a c t i c a l  systems,  how- 

e v e r ,  i so the rma l  hea t  s u p p l y  i n  such a manner can never be achieved 

because s i g n i f i c a n t  tempera ture  g r a d i e n t s  a r e  r e q u i r e d  i n  o r d e r  t o  d r i v e  

h e a t  i n t o  and out of t h e  s t o r a g e  m a t e r i a l .  
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I n  t h i s  r e p o r t ,  a n  i n i t i a l  e v a l u a t i o n  is  performed of t h e  p o s s i b l e  

use of t h e  non-congruently me l t ing  Si-Ge a l l o y s  f o r  u s e  a s  h e a t  s t o r a g e  

m a t e r i a l  f o r  sol.ar r e c e i v e r s .  I n  t h i s  system, h e a t  d e l i v e r y  and accep- 

t ance  i s  no t  i s o t h e r m a l  bu t  occur s  i n s t e a d  ove r  some temperature  range 

between t h e  l i q u i d u s  and s o l i d u s  temperatures .  I n  a d d i t i o n ,  composi- 

t i o n a l  change i s  r e q u i r e d  f o r  t h e  p rocess ;  i .e. ,  bo th  Si and Ge must 

move from l i q u i d  t o  s o l i d  phases a t  a l l  times d u r i n g  t h e  phase change 

process. However, i f  a n  adequate  amount of h e a t  may be s t o r e d  w i t h i n  a n  

a c c e p t a b l e  AT between t h e  l i q u i d u s  and sol3.dus temperatures  and t h e  mass 

t r a n s f e r  between phases proves t o  be s u f f i c i e n t l y  r a p i d ,  t hen  u s e  of S i -  

Ge a l l o y s  a s  PCMs provide a number of p o t e n t i a l  advantages,  such a s :  

(1) h igh  thermal  conductance,  (2 )  a v a r i a b l e  temperature  range simply by 

a d j u s t i n g  t h e  composi t ion,  and ( 3 )  h i g h  h e a t  s t o r a g e  c a p a c i t y  p e r  u n i t  

volume f o r  t h e  Ge-rich a l l o y s  and h igh  h e a t  s t o r a g e  pe r  u n i t  mass f o r  

t h e  S i - r i c h  compositions.  

Th i s  r e p o r t  provides  a necessary f i r s t  s t e p  i n  t h e  e v a l u a t i o n  of 

t h e  use of non-congruently rnelt ing Si-Ge a l l o y s  a s  h e a t  s t o r a g e  mate- 

ria1.s f o r  s o l a r  r e c e i v e r s .  A c a l c u l a t i o n a l  procedure i s  desc r ibed  f o r  

determining t h e  en tha lpy  change between two g iven  t empera tu res  f o r  SI-Ge 

a l l o y s  of a r b i t r a r y  composition. An important  a s p e c t  of t h e  c a l c u l a t i o n  

i s  t h e  e v a l u a t i o n  of t h e  h e a t s  of s o l u t i o n  of t h e  l i q u i d  and s o l i d  

phases which c o n t i n u a l l y  form and va ry  i n  composition w i t h  each temper- 

a t u r e  change. The method f o r  de t e rmin ing  t h e  h e a t s  of s o l u t i o n ,  based 

on pure component p r o p e r t i e s  and t h e  shape of t h e  phase diagram, i s  

desc r ibed  i n  Sects .  2 through 5. I n  Sect .  6 ,  t h e  method i s  a p p l i e d  t o  

t h e  Ge-Si system u s i n g  t h e  r e p o r t e d  "regular"  n a t u r e  of t h e s e  l i q u i d  and 

s o l i d  s o l u t i o n s .  

The procedure f o r  de t e rmin ing  t h e  en tha lpy  change i n  Si-Ge a l l o y s  

i s  developed i n  a g e n e r a l  way s o  t h a t  a d a p t a t i o n  t o  o t h e r  b i n a r y  s o l u -  

t i o n  systems may be r e a d i l y  accomplished. The a d a p t a t i o n  r e q u i r e s  only 

r e v i s i o n  of t h e  i n p u t  f o r  t h e  p r o p e r t i e s  of t h e  pure components, i n f o r -  

mation regarding t h e  n a t u r e  of t h e  s o l u t i o n  ( i d e a l ,  r e g u l a r  o r  uon- 

r e g u l a r ) ,  and t h e  shape of t h e  phase diagram throughout t h e  r e g i o n  of 

i n t e r e s t .  Furthermore,  though t h i s  development emphasizes de t e rmina t ion  

of t h e  en tha lpy  change p e r  u n i t  mass and volume, i t  i s  seen  t h a t  t h e  
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procedure a p p l i e s  a s  w e l l  t o  o t h e r  thermodynamic p r o p e r t i e s ;  e.g., f r e e  

energy and t h e  en t ropy .  

1.1 Approach and No ta t ion  

The c a l c u l a t i o n  of any of t h e  thermodynamic p rope r t i e s  oE t h e  Ge-Si 

a l l o y  system e n t a i l s  s i m i l a r  s t e p s ,  t h e r e f o r e  a g e n e r a l  procedure may be 

adopted i n  terms of a g e n e r i c  thermodynamic p rope r ty  w(x,T,P) which f o r  

a given c o n c e n t r a t i o n  (mole f r a c t i o n ) ,  x ,  tempera ture ,  T, and p r e s s u r e ,  

P ,  may r e p r e s e n t  any of t h e  fo l lowing:  

g = Gibbs f r e e  energy ,  

h = en tha lpy ,  

s = en t ropy ,  

v = volume, and 

P 
c = h e a t  capac i ty .  

Use of t h e  sma l l  ca se  denotes  a p rope r ty  pe r  mole of substance.  We w i l l  

use  t h e  cor responding  c a p i t a l  t o  denote  t h e  e x t e n s i v e  proper ty .  

A l l  of t h e  above p r o p e r t i e s  a r e  i n t e r - r e l a t e d  ( s e e  Appendix A)  and 

hence any one may be t h e  b a s i s  f o r  an e s t i m a t i o n  method from which a l l  

t h e  o t h e r s  may be c a l c u l a t e d .  We chose t o  set up t h e  c a l c u l a t i o n  i n  

terms of t h e  Gibbs f r e e  energy ,  g(x ,T ,P) .  I n  a d d i t i o n ,  a t  t h e  o u t s e t  a 

g e n e r a l  b inary  a l l o y  o r  s o l u t i o n  i s  cons idered ,  c o n s i s t i n g  of pure 

components, A ( t h e  s o l v e n t )  and B ( t h e  s o l u t e ) .  In  Sect .  6 ,  A i s  

s p e c i f i e d  a s  Ge and B a s  S i .  A s  composition v a r i a b l e  w e  u s e  t h e  mole 

f r a c t i o n  of t h e  s o l u t e ,  B; 

whence 

r e p r e s e n t s  t h e  mole f r a c t i o n  of s o l v e n t  A ,  NA and NB be ing  t h e  numbers 

of moles of A and B. 
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We s h a l l  u s e  the fo l lowing ,  r a t h e r  s t a n d a r d  no ta t ion :  

w(x,T,P) E Value of w p e r  mole of a l l o y  Bx a t  T ,  P ,  

wo(x,T,P) = (Raou l t i an )  r e f e r e n c e  s t a t e  f o r  t h e  a l l o y ,  equa l  t o  t h e  

molar average of t h e  pure c o n s t i t u e n t s ,  
i d  Aw (x,T,P) = I d e a l  s o l u t i o n  increment f o r  wo, 

AweX(x,T,P) = Non-ideal o r  excess  increment for wo, 
0 

w (T,P) = Reference va lue  f o r  pure  i = A, B ,  i - 
wi(x,T,P) = P a r t i a l  molar v a l u e  w i t h  r e s p e c t  t o  c o n s t i t u e n t  i. 

In  condensed systems of modest p r e s s u r e  v a r i a t i o n ,  t h e  p r e s s u r e  

e f f e c t  on thermodynamic v a r i a b l e s  i s  g e n e r a l l y  n e g l i g i b l e  and w i l l  

u l t i m a t e l y  be dropped. By d e f i n i t i o n  from t h e  above, 

w = wo + Avid -t. Awex . 
I n  t h e  fo l lowing  Sects .  2 through 5 ,  w e  o u t l i n e  t h e  c a l c u l a t i o n a l  pro- 

cedures  f o r  determining t h e  g e n e r i c  thermodynamic p r o p e r t y ,  w, f o r  

i d e a l ,  r e g u l a r ,  and non-ideal s o l u t i o n s ,  u s ing  l a r g e l y  methods d e s c r i b e d  

by L u p i s '  and by Brehrick e t .  a1.' The procedure i s  a p p l i e d  i n  Sect .  6 

t o  both the  l i q u i d  and s o l i d  phases of t h e  Ge-SI system and combined i n  

t h e  two phase regime by u s e  of t h e  l e v e r  ru l e .  R e s u l t s  are ob ta ined  f o r  

h(x,T) i n  terms of bo th  ( J / g )  and (J/cm3) by means of a F o r t r a n  program 

l i s t e d  i n  Appendix B. The r e s u l t s  f o r  h (x ,T)  a r e  p re sen ted  i n  Table 2 

and Figs .  2 through 5 .  
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2. THERMODYNAMIC FUNCTIONS OF M I X I N G  

Consider NA moles of pure A and NB moles of pure  B a t  t empera ture  T 

and p res su re  P. The thermodynamic p rope r ty  w has  t h e  va lue  wo(T,P) p e r  

mole of component A and w (T,P) p e r  mole of component B. Therefore  t h e  

v a l u e  is ass igned  

A 
0 

B 

Wo = NA wo A + NB w i  (2.1) 

as t h e  (Raou l t i an )  r e f e r e n c e  va lue  o r ,  p e r  mole, 

(2.2) 
0 0 0 

w = X A W  + % W B .  

A f t e r  mixing and e q u i l i b r a t i o n  a t  t h e  same T ,  P we have NA + NB moles of 

s o l u t i o n  wi th  

o r ,  pe r  mole, 

- - 
w = XA WA + XB WB , 

where Yi(x.T,P) = (-&-) 
i in s o l u t i o n  of c o n c e n t r a t i o n  x, t empera ture  T ,  and p r e s s u r e  P. 

denotes  t h e  p a r t i a l  molar w of component 

Nk#i ,T,P 

The change in w upon mixing, p e r  mole of s o l u t i o n  is t h e r e f o r e  

AwmiX = w - w 0 = x A p i x  + x AWB -mLX , 
B A A  

expres s ing  t h e  i n t e g r a l  Aw i n  terms of t h e  p a r t i a l  A; where 
i' 

( 2 . 6 )  
0 - 

APix(x,T,P)  = w - w , i = A , B  . 
i i i 

From t h e  d e f i n i t i o n  of p a r t i a l  p r o p e r t i e s ,  one o b t a i n s  
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mix 
--mix - - AwmiX + (1  - x) (aA:x ) , 
Awn T,? 

expressing the partial properties in term of the integral property. 

Traditionally, the partial Gibbs free energies of mixing, also 

called relative chemical potentials, are expressed in the form 

lnix = A < ~  = RT In aA 
AgA 

Agix = ATB = RT In a, 

where ai = activity of component i. Hence 

Agmix(x,T,P) = (1 - x) ALA + x ATn 
(2.11) 

= RT[(l- x) In aA + x I n  a,] . 
The activities are, of course, functions of (x,T,P) and a l s o  depend on  

the reference state. They can be expressed as 

aA = YAxA , aB = YBxB , (2.12) 

with y A ,  y the activity coefficients, 
B 

The simplest solutions are those f o r  which (choosing Raoultian ref- 

erence states) 

Y A = l , Y B - l ,  (2.13) 

called ideal solutious, and then ai = x. 1’ i = A , B .  

we have (see Appendix A): 

AFid = RT In  xi 

For ideal solutions 

(2.14) 

= RT[x lnx + x,lnxg] = RT[(1 - x)ln(l - x) + xlnx] < 0, ( 2 . 1 5 )  

Ahid = 0 (2.16) 

c x In- 1 = -R[ ( I  - s)ln(l - x) + xlnx] > 0, (2.17) 

A A  

hsid := -R[X lnx A A  B b  

Av id = 0 (2.18) 
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Ac id = 0 (2.19) 
P 

It i s  convenient  t hen  t o  expres s  mixing f u n c t i o n s  of r e a l  s o l u t i o n s  

a s  sums of i d e a l  and excess  terms: 

AwmiX = Awid + AweX . (2.20) 

mix --mix 
Since  Aw = 1 xi Awi , we a l s o  have 

i 

ATix = Awid + AweX , i = A , B  , 
i i (2.21) 

€ o r  t h e  p a r t i a l  p r o p e r t i e s .  Again, a l l  excess  f u n c t i o n s  ( p a r t i a l  and 

i n t e g r a l )  may be expressed  i n  terms of Ag ( see  Appendix and Sec t .  3). 

The i d e a l  terms be ing  known, a complete thermodynamic model of t h e  a l l o y  

c o n s i s t s  of an expres s ion  f o r  t h e  excess  Gibbs f r e e  energy (of mixing) 

which d e s c r i b e s  t h e  i n t e r a c t i o n  of t h e  components. 

ex 

C l e a r l y ,  each phase ( s o l i d ,  l i q u i d )  c o n s t i t u t e s  a d i f f e r e n t  chem- 

i c a l  s o l u t i o n  and t h e  d i s c u s s i o n  above a p p l i e s  t o  any s i n g l e  phase. To 

d i s t i n g u i s h  between va lues  f o r  d i f f e r e n t  phases ,  we s h a l l  use a super -  
ex ,  S s c r i p t  j = S , L .  I n  p a r t i c u l a r ,  d i f f e r e n t  expres s ions  f o r  Ag 

and Ag may be necessary .  
ex,L 



8 

3. PARTIAL AND INTEGRAL PROPERTIES 

From t h e  d i s c u s s i o n  on mixi.ng i n  Sect .  2 ,  i t  f o l l o w s  t h a t  t h e  v a l u e  

of a thermodynamic f u n c t i o n  w a t  s t a t e  (x,T,P) ( i n  a f i x e d  s i n g l e  phase) 

i s  given by 

0 mix 
w(x,T,P) = w (x,T,P) + Aw (x,T,P) 

(3.1) 

and s i m i l a r l y  f o r  p a r t i a l  v a l u e s ,  

- 
wi(x,T,P) = wo(T,P) + AG(x,T,P) 

(3.2) 
I. 

- i d  --ex 
= wo(T,P) + Aw. + Aw , i = A , B  . 

i 1 i 

A t  t h e  sane t i m e ,  t h e  i n t e g r a l  and p a r t i a l  p r o p e r t i e s  are r e l a t e d  by 

- - 
(3.3) 

B '  w(x,T,P) = 1 x w.(x,T,P) = ( 1  - X )  w 
i 1  A 

t x w 
i 

o r ,  conve r se ly ,  

In p a r t i c u l a r ,  f o r  t h e  chemical p o t e n t i a l  and t h e  Gibbs f r e e  energy 

we have, 

- 
pi(x,T,P) = uo(T,P) + AZd t A q "  

i 
( 3 . 5 )  

= p; + RT I n  x + RT I n  yi , i = A , B  , 
i 

i d  
g(x,T,P)  = go(T,P) + Ag + AgeX 

- 
= 1 xi Pi (3.6) 

= 1 xipi + RT 1 xi I n  x + RT 1 xi I n  yi 

i 
V 

i 

0 Finding t h e  r e f e r e n c e  v a l u e s  w ( T , P )  i s  d i s c u s s e d  i n  t h e  next  

s e c t i o n .  The i d e a l  va lues  a r e  known [see (2.14) - 2.19)l and t h e  excess  

va lues  of w = h ,  s ,  v, cp  can be expres sed  i n  terms of figi o r  more 

i 

e x  
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convenient ly  in terms of excess  chemical p o t e n t i a l s  v i a  p a r t i a l  proper-  

t i e s  ( see  Sect .  5 ) .  The formulae a r e  as fo l lows:  

I n t e g r a l  en tha lpy:  h(x,T,P)  = ho(x,T,P)  + 0 + Ahex 

id + A<x s (x ,T,P)  = s ?  \T,l') + A s ,  
- 

P a r t i a l  e n t r o p i e s :  
i 1 

(3.7) 

(3.9) 

I n t e g r a l  en t ropy:  s ( x , T , P )  = so (x ,T ,P )  + Asid + AseX (3.10) 

= so - R i 1 xi 1.11 x i - (G) x,P * 

(3.11) 0 4 X  - 
i vi (x ,T ,P)  = v (T,P)  + 0 + A" 

i 
P a r t i a l  volumes: 
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I n t e g r a l  vol~ume: V(X,T,P) = v0(x,T,P) + 0 f Avex 

- - - 1 xivi 

P a r t i a l  h e a t  
c a p a c i t i e s :  

I n t e g r a l  h e a t  0 - 
c (x,T,P) = c (x,T,P) + 0 + Acex = 1 x . c  . 

P P P = P l  
c a p a c i t y :  

(3.12) 

(3.13) 

P 
( 3 . 1 4 )  

x,P * 

These a r e  s t anda rd  thermodynamic r e l a t i o n s  v a l i d  f o r  each s i n g l e  

phase,  s o l i d  and l i q u i d .  For a s t a t e  (x,T,P) which l i e s  i n  a two-phase 

r eg ion  of t h e  phase diagram, t h e  thermodynamic p r o p e r t i e s  p e r  mole of A 

p l u s  B a r e  averages of t h e  corresponding l i q u i d u s  and s o l i d u s  va lues  

weighted by t h e  l i q u i d  f r a c t i o n ,  X. 
Let us  use supe r sc r i . p t s  S ,  L ,  and m t o  denote  va lues  f o r  s o l i d ,  

l i q u i d  and two-phased (mushy) s t a t e s ,  r e s p e c t l v e l y .  In p a r t i c u l ~ a r ,  

x (T) and x (T) denote  t h e  s o l i d u s  and l i q u i d u s  compositions a t  tempera- 

t u r e  T. For  a simple phase diagram l i k e  t h a t  f o r  GeSi,4 shown i n  

Fig.  1, t h e  l i q u i d  f r a c t i o n  a t  mean composition x and temperature  T ,  

when (x,T)  l i es  i n  t h e  two-phase r e g i o n ,  i s  given by t h e  l e v e r  ru1.e 

S L 
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4 Fig. 1. Germanium-silicon phase diagram. 

(3.15) 

Then, t h e  va lue  of a proper ty  w(x,T,P) f o r  a two-phase (mushy) s t a t e  

(x,T,P) i s  

(3.16) L L  s s  
wm(x,T,P) = Aw (x (T) ,T,P)  + (1 - A )  w (x (T) ,T,P)  . 
Using t h e  above formulae,  va lues  a t  any s t a t e  can be c a l c u l a t e d  

once t h e  r e f e r e n c e  va lues  and t h e  excess  f r e e  energy a r e  found. 
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4. EVALUATION OF REFERENCE VALUES 

The r e q u i r e d  r e f e r e n c e  v a l u e s  are wo’j(T,p) and w;”(T,p) f o r  t h e  

pure components A and B i n  each s i n g l e  phase j = S,L. Usual ly  t h e  p re s -  

s u r e  i s  f i x e d  a t  Patm, and u s i n g  t h e  thermodynamic r e l a t i o n s  l i s t e d  in 

t h e  Appendix, only t h e  fo l lowing  s t anda rd  thermodynamic d a t a  f o r  each 

component i = A , B  a r e  needed: 

A 

Ti = m e l t  temperature  of i = A , B ,  

(Ti) = molar h e a t  of f u s i o n  of i a t  i t s  melt  temperature  Ti ,  

s;(Tref) = s t a n d a r d  molar en t ropy  of i a t  some r e f e r e n c e  temperature  
Ah;’fus 

Tref ( u s u a l l y  Tref  = 298.15 K ) ,  

c 0 9 j  . (T) = molar h e a t  c a p a c i t y  o f  i i n  phase j as f u n c t i o n  of temper- 
P I  

a t u r e .  

From t h e s e ,  w e  o b t a i n  (assuming Tref < Ti f o r  d e f i n i t e n e s s )  

1 
r e f  

T 
ho’L(T) = h0”(Ti) + Ahi o’fus(Ti) + 1 co’L(T)dT , T > Ti , (4 -1)1 ,  
i i P i  

Ti 

I 
1 0 , f u s  1 0,L 

(Ti) + 1 ; c ( t )  d t  , T > Ti (4 .2)L s o P L ( T )  = s 0 ” ( T  ) + - Ahi 
P i  

Ti Ti 
i i i 

p;”(T) = h;”(T) - T s;”(T) , T < Ti , ( 4 . 3 ) s  

I J Y ’ ~ ( T )  = ho>L(T) i - T s ; ’ ~ ( T )  , T > Ti . (4.3)L 

These are t h e  r e f e r e n c e  va lues  f o r  t h e  p a r t i a l  p r o p e r t i e s  e n t e r i n g  t h e  

formulae of Sect .  3 when P E Patm. I n  t h e  ( u n l i k e l y )  c a s e  t h a t  the  

p r e s s u r e  dependence of the b a s i c  d a t a  i s  s i g n i f i c a n t  and can be found, 

one can a l s o  determine 
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(4 .4 )  

More e f f e c t i v e l y ,  however, t h e  temperature  dependence of t h e  molar 

volumes can be found from t h e  ( i s o b a r i c )  t h e r m a l  expansion c o e f f i c i e n t s  

( 4 . 5 )  

Dropping t h e  implied p r e s s u r e  dependence and i n t e g r a t i n g  Ea. ( 4 . 5 ) ,  w e  

have 

T I  
, t = A , R  , j = S,L (4.6) 

0, j  r e f  
v?’ j (T)  1 - vi c T r e f )  e 

w i t h  Tref  a reEerence temperature ,  t y p i c a l l y  = 300 K ,  a t  which r e f e r e n c e  

molar volumes can be found. Usual ly  t h e  thermal  expansion c o e f f i c i e n t s  

a r e  sma l l  and approximately c o n s t a n t  fo r  s o l i d s ,  s o  (4 .6 )  may be approx- 

imated by 

To f i n d  t h e  l i q u i d  molar volume re l .a t ive  t o  i ts  value  a t  t h e  s t a n d a r d  

s t a t e ,  we a l s o  need t h e  volume change upon me l t ing ,  

Then 
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or, writing 

0,L = “09s + hVi 0 
i i V 

and approximating the exponential, yields 

[v0”(T ) + Av0(T ) ] [ 2  + ai’L v o l L ( ~ )  
( T  - Ti)] , i = A , B  . ( 4 . 8 )  

i i I i i  
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5. EXCESS FREE ENERGY 

In  Sect .  3 a l l  p r o p e r t y  v a l u e s  are expres sed  i n  terms of t h e  excess 

These q u a n t i t i e s  f r e e  energy Ag o r  excess  chemical. p o t e n t i a l s  Au 

d e s c r i b e  t h e  i n t e r a c t i o n  of t h e  two pure components and c o n s t i t u t e  a 

therm0dynami.c model oE each phase of t h e  a l l o y  o r  s o l u t i o n .  If 

i = A , B ,  j = S,L are known as f u n c t i o n s  of (x,T) a t  a f i x e d  p r e s s u r e  P,  

t hen  t h e  s o l i d u s ,  xs(T),  and l i q u i d u s ,  xL(T), a t  t h a t  p r e s s u r e  are 

d e s c r i ~ b e d  by the e q u a t i o n s  

e x  4 X  
i ‘  

(5.1)A 

( 5 . 1 ) B  

e x p r e s s i n g  thermodynamic e q u i l i b r i u m  between t h e  two phases. From 

Eq. ( 3 . 3 ) ,  t h e  p a r t i a l  molar chemical p o t e n t i a l s  of t h e  l i q u i d  and s o l i d  

phases are r e l a t e d  t o  t h e  pure element r e f e r e n c e  value,  t h e  phase 

composition and t h e  excess  due t o  n o n - i d e a l i t i e s  i n  t h e  mixing p rocess :  

u0*’(T) + RTlnxS + A<X’S(~S,T)  = u o p L ( T )  + RTlnx L + AuB 4 x . L  (xL;I’) (5 .2 )B  
B R 

Equations ( 5 . Z ) A  and ( 5 . ? ) B  provi.de t h e  r e l a t i o n s  between t h e  shape 

of t h e  phase diagram, as xs and x , and t h e  chemical consequence of t h e  

mixing process  as d e f i n e d  by t h e  €our  pa r t i a l .  molar c h e n i c a l  p o t e n t i a l s .  

If t h e s e  are known from measurements, t hen  Eq. (5 .2)  may h,e used t o  

determine t h e  shape of t h e  phase diagram. The converse process  i s  of 

i n t e r e s t  h e r e  where known va lues  of xs and xL t a k e n  from a phase diagram 

are used t o  determine the p r o p e r t i e s  of mixing. 

L 

Since Eqs. (5.2)A and ( 5 . 2 ) B  prov ide  o n l y  two r e l a t i o n s h i p s  f o r  t h e  

f o u r  unknown mixing p r o p e r t i e s  p A , PA , Gx”, and u B  , addi- 

t i o n a l  i n fo rma t ion  must be provided f o r  t h e  de t e rmina t ion  from t h e  chem- 

i c a l  n a t u r e  of t h e  s o l u t i o n .  For example, t h e  s o l u t i o n  may be repre- 

s e n t e d  a s  i d e a l ,  i n  which c a s e  t h e  excess  terms i n  Eq. (5 .2)  are z e r o  

--ex,s - e x , L  -ex,L 
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and t h e  r e l a t i o n s h i p s  ( 2 . 1 4 )  through ( 2 . 1 9 )  may be used f o r  determina-  

t i o n  of t h e  mixing properti .es.  

The s i m p l e s t  r e a l  s o l u t i o n s ,  c a l l e d  r e g u l a r  s o l u t i o n s , 2  are 

d e s c r i b e d  by a s i n g l e  i n t e r a c t i o n  term: 

(5.3) ex 
Ag (x,T) = R xAxB 

- n ( l - x ) x .  

To allow h i g h e r  o r d e r  i n t e r a c t i o n s  one writes 

( 5 . 4 )  

where t h e  i n t e r a c t i o n  c o e f f i c i e n t s  R must be determined by f i t t i n g  

expe r imen ta l  da ta .  An e x t e n s i v e  d i s c u s s i o n  on excess  f r e e  energy 

r e p r e s e n t a t i o n  may be found i n  Lupis.’ 

mn 

Es t ima t ion  of t h e  i n t e r a c t i o n  c o e f f i c i e n t s  d e f i n e d  i n  E q s .  (5.3) o r  

( 5 . 4 )  from the phase diagram may be performed by use of a computer 

package l i k e  FITBIN3 by t h e  fo l lowing  procedure: 

Step 1 :  Choose a p a r t i c u l a r  number of i n t e r a c t i o n  terms, s a y  

ag e x  = ill1 XAXB + R , 2  X A X i  + R 2 1  X 2 B  + R22 x2 . 
A% 

Step 2: Use a computer package (e.g. P I T B I N )  t o  c a l c u l a t e  the unknown 

i n t e r a c t i o n  c o e f f i c i e n t s  by u s i n g  known s o l i d u s  and l i q u i d u s  

composition d a t a  from t h e  phase diagram. The FITBIN program i s  

based on r e l a t i o n s h i p s  such as Eq. (5 .2A)  and (5.2B) where t h e  

excess  t e r m  a r e  e s t i m a t e d  i n  terms of t h e  unknown i n t e r a c t i o n  

c o e f f i c i e n t s .  A s u f f i c i e n t  number of p o i n t s  (xs and x ) on t h e  

phase diagram a r e  s e l e c t e d  t o  enab le  a l e a s t  squa res  f i t  f o r  

t h e  unknown i n t e r a c t i o n  c o e f f i c i e n t s .  

L 

S t ep  3: &=determine t h e  phase diagram u s i n g  t h e  e s t i m a t e d  i n t e r a c t i o n  

c o e f f i c i e n t s .  It t h e  r e s u l t i n g  phase diagram i s  n o t  s u f f i -  

c i e n t l y  c l o s e  t o  t h e  known phase diagram, t h e n  r e t u r n  t o  S t e p  1 

and a l l o w  more i n t e r a c t i o n  terms. 
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S t e p  4 :  Repeat u n t i l  a sa t i s fac tory  f i t  i s  obtained. The computer 

package ca lcu la tes  the interact ion c o e f f i c i e n t s  and thus an 

expression f o r  Ag i s  obtained. 
e x  



6. DETERMINATION OF THE ENTHALPY OF Ge-Si ALLOYS 

We apply the  desc r ibed  procedure t o  t h e  Ge-Si system i n  o r d e r  t o  

f i n d  t h e  e n t h a l p y  h(x,T) and t h e r e f o r e  e n a b l e  p r e d i c t i o n  f o r  t h e  

en tha lpy  d i f f e r e n c e  between any two s ta tes .  

According t o  M a ~ s a l s k i , ~  G e  and S i  f o r n  r e g u l a r  l i q u i d  and s o l i d  

s o l u t i o n s  w i t h  i n t e r a c t i o n  c o e f f i c i e n t s ,  

L 
Cl = 3500 ( J /mol )  and 

ns = 6500 ( J /mol )  . 
The phase diagram f o r  t h i s  system i s  shown i n  Fig.  1. Some p e r t i n e n t  

thermochemical p r o p e r t i e s  of t h e  pure m a t e r i a l s  are given i n  Table 1. 

Table  1. Heat s t o r a g e  p r o p e r t i e s  of 
Ge and S i  

Ge s i  

Molecular  weight  g/mol. 72.59 28.09 

Melt ing p o f n t  R 1213 1687 

Heat of f u s i o u  J/g 507 1802 
J/cm3 a t  Tm 2649 4116 

J lmole  

S o l i d  so lu t i -on  6500 
Liquid solution 3500 

1.n t e r a c  t i on a 
c o e f f i c i e n t s  

I 

a 

t i o n s .  
Defined by Eq. (5.3) f o r  r e g u l a r  s o l u -  

The r e q u l r e d  d a t a  f o r  t h e  pure mater ia l s ,  A = G e  and B = S i  are  

a v a i l a b l e  i n  Kubaschewski and Alcock.' 

Melt temperature  (K): TA = 1211, 'IB = 1687 

Heat of Fusion ( ca l /mol ) :  (TA) = 5800, 

( T B )  = 12,100 Ah," 'IS 



Standard e n t r o p y  (cal /mol  K ) :  

S o l i d  h e a t  c a p a c i t y  ( ca l /mol  K ) :  
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= 298 K 
T re f  s;(Tref) = 7.43, 

s;(Trer) = 4.5 

c0” (T)  = 5.16 + 1.4 (T/103) 

c0”(T) = 5.72 + 0.59 ( T / 1 0 3 )  

PA 

PB 

- O.99*lO5/T2 

L iqu id  h e a t  c a p a c i t y  (cal /mol  K ) :  c O ’ ~ ( T )  = 6.6 
PA 

c O ’ ~ ( T )  = 6.12 
PB 

F o r  r e g u l a r  s o l u t i o n s  w i t h  i n t e r a c t i o n  c o e f f i c i e n t s  as = 6500 J/mol 

(1554 cal /mol)  and slL = 3500 J/mol (837 cal /mol)  we o b t a i n ,  

agex9’ = O’ s (1 - x ) x  , Ag ex,L = n I. ( 1  - x)x  , (6.1) 

and, by ( 3 . 4 ) ,  t h e  excess  chemical p o t e n t i a l s  a r e  ( i n  cal /mol)  

ATps = O s 2  x , ApB -ex,s = a S ( I  - x )  2 , 

-x,L E nLx2 --,L *Lx2 . 
ApA ’ A% 

Now we u s e  (3.7) t o  f i n d  t h e  p a r t i a l  e n t h a l p i e s  ( i n  cal /mol) :  

-s hA(x,T) = h;”(T) + 0’ 5 x2 

-S hB(x,T)  = h;”(T) + QS(l - x)‘ 

(6 .2)  

where the r e f e r e n c e  va lues  a r e  ob ta ined  by i n t e g r a t i o n  o€ t h e  heat 
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c a p a c i t i e s  acco rd ing  t o  (4.1): 

ho”(T) = -1600.675 + 5160 -- + 700 - 
A (1:3j2 ’ 

h o ” ( T )  = -2063.69 + 5720 
B 

(-3 ’ 
hl’L(T) = 6481.897 + 6600 

Then, u s ing  (3.3) ,  t h e  i n t e g r a l  molar e n t h a l p i e s  a r e  

and, by (3.16) 

i n  t h e  two-phase (“mushy“) r eg ion ,  where 

S 
x (T) - x 

L 
A(x,T) = 

xs (T)  - x (T) ’ 
(6.7) 

S L x (T) and x ( T )  being t h e  s o l i d u s  and l i q u i d u s  compositions.  For ca l cu -  

l a t i o n s  w e  need numerical  va lues  f o r  x , x a Reading 10-12 p o i n t s  For 

each curve of f  t h e  phase diagram and employing a l e a s t - s q u a r e s  curve- 

f i t t i n g  r o u t i n e  t o  f i t  t h e  p o i n t s ,  we ob ta ined  t h e  fo l lowing  e x p r e s s i o n s  

(with To = (T - TA)/(TB - TA)):  

S L  

S 

I 

x (T) = .63275 T - .98298 T2 + .50489 ‘Y3 t 1.2199 I n  ( 1  + To) , 
(5.8) 

0 0 0 

x’(T)  = .245374 T + .61’152 l’: -- .0848 T 3  + . 2 2  Tk . 
0 0 0 

R e l a t i v e  t o  t h e  i n p u t  d a t a  p o i n t s ,  t h e  maximum re1a:ive e r r o r  was less  

than .9% f o r  xs(T) and .5% f o r  x (T) .  L 

The above expres s ions  y i e l d  t h e  en tha lpy  i n  term of c a l / n o l .  More 

conven ien t ly ,  w e  w i l l  exp res s  resu l . t s  i n  terms of  j o u l e s  p e r  u n i t  mass 
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and j o u l e s  per  u n i t  volume. Conversion of h (ca l /mol )  t o  h (kJ /kg )  i s  

accomplished by m u l t i p l y i n g  by 4.184/M(x), where M(x) i s  the a l l o y  

molecular  weight  a t  composition X. A l t e r n a t i v e l y ,  t o  e x p r e s s  the va lues  

i n  J/cm3, m u l t i p l y  by 4.184/vi(x,T,P), where vi (x,T,P) i s  t h e  molar 

volume of t h e  a l l o y  a t  s t a t e  (x,T,P) i n  phase j = S,m,L. Th i s  i s  ex- 

p r e s s e d  as  fo l lows :  

By (3.12) 

where, by (3.11), t h e  p a r t i a l  molar volumes are 

Dropping the p r e s s u r e  dependence of t h e  e x c e s s  chemical p o t e n t i a l s ,  and 

t o  be c o n s i s t e n t  w i t h  (6.2), we t a k e  t h e  l a s t  t e r n s  a s  ze ros .  The r e f -  

e r e n c e  va lues  are found by (4.7) and (4.8) .  From [61, 

a t  Tref - 300 K, and from [71, 

a 0 ” ( T )  = 3 X 7.5 x 10-6/K , 
A 723 K f T -C 1113 K , 

, 773 K h T C 1113 K , 
, T = 1273 . 

W e  assume t h e s e  v a l u e s  hold a t  t empera tu res  up t o  1700 K, whence, i n  t h e  

range 1200 K < T C 1700 K, w e  t a k e  

-S o r  L 0,s o r  L 
VA (T) * vA 

0,s o r  L (T) - v ~ ” ( 1 2 0 0 ) [ 1  + (9.9 x lOv6)(T - 1200)l , (T) vB 

(T) (13.6)[1 + 22.5 x 10-6)(T- 300)] , (6.11) 

-S o r  L 
B 

V 

(6.12) 
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w i t h  

~ ~ ' ~ ( 1 2 0 0 )  - (12.l)Ll -t (9  x 10-6)(1200 - 3 0 0 ) ]  = 12.198 cm3/mol. B 

Eva lua t ion  of t h e  s o l i d  and l i q u i d  phase molar e n t h a l p i e s ,  as ex- 

p re s sed  by Eq. (6 .5) ,  and t h e  molar e n t h a l p i e s  i n  t h e  two phase regime, 

acco rd ing  t o  Eq. (6.6), was implemented hy a s h o r t  F o r t r a n  program 

l i s t e d  i n  Appendix B .  Figures  2 and 3 e x p r e s s  t h e  r e s u l t i n g  s p e c i f i c  

e n t h a l p i e s  VS. composition and temperature ,  r e s p e c t i v e l y ;  Figs.  4 and 5 

e x p r e s s  r e s u l r s  i n  terms of e n t h a l p y  p e r  u n i t  volume. 

One measure of t h e  h e a t  s t o r a g e  c a p a c i t y  of GeSi a l l o y s  i s  t h e  

e n t h a l p y  change of a p a r t i c u l a r  composition between t h e  l i q u i d u s  and 

s o l i d u s  temperatures.  These may he determined most convenient ly  u s i n g  

Figs.  3 and 5 f o r  t h e  s p e c i f i c  and vo lumet r i c  e n t h a l p y  changes,  respec-  

t i v e l y .  Values a r e  l i s t e d  i n  Table  ?. i n  columns 5 and 6 f o r  a range of 

a l l o y  compositions.  A s  expected,  bo th  t h e  s p e c i f i c  e n t h a l p y  and 
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T a b l e  2. E s t l m a t e d  h e a t  s t o r a g e  c a p a c i t i e s  of 
Ge-Si a l l o y s  p e r  100 K AT 

En tha lpy  change between En tha lpy  change 
S o l i d u s  S o l i d u s  AT between l i q u i d u s  liquidus and s o l i d u s  p e r  IC0 K AT Kole f r a c t i o n  

si i e m p e r a t u r e  t e m p e r a t u r e  and  s o l i d u s  

( J / g )  ( J /cm3)  ( J / g )  ( J /cm3)  
(X) (K) ( K )  

0 1211  1211 

0.2 1265 1403 

0.4 1337 1503 

0.6 1451  1573 

0.8 1553 1663 

1.0 1687 1687 

0 

138 

165 

122 

110 

0 

507 2649 507 2649 

650 3140 471 2270 

830  3450 500 2080 

1130 3690 926 3020 

1330 3930 1210 3570 

1802 4116 1802 4116 

N 
2. 
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Fig.  5. Enthalpy pe r  u n i t  volume (J/cm3) v s  tempera ture .  

vo lumetr ic  en tha lpy  changes between t h e  l i q u i d u s  and s o l i d u s  tempera- 

t u r e s  i n c r e a s e  wi th  i n c r e a s i n g  S i  c o n t e n t s  r e f l e c t i n g  t h e  i n t r i n s i c a l l y  

h ighe r  va lues  f o r  S i .  

However, t h e  i n c r e a s e  i n  s p e c i f i c  h e a t  s t o r a g e  c a p a c i t y  wi th  

i n c r e a s i n g  S i  conten t  of t h e  a l l o y  i s  l e s s  than  expected f o r  Ge-rich 

compositions.  For example, t h e  change from pure G e  t o  Ge-20 atom-% S i  

i n c r e a s e s  t h e  s p e c i f i c  en tha lpy  changes only 28% whereas a 51% i n c r e a s e  

would be expected were t h e  i n c r e a s e  p r o p o r t i o n a l  t o  t h e  S i  conten t  over 

t h e  span of composition. That i s ,  t h e  f u l l  b e n e f i t  of t h e  high s p e c i f i c  

en tha lpy  of S i  i s  f e l t  predominant ly  a t  t h e  S i - r i ch  end of t h e  s c a l e .  

Conversely,  S i  a d d i t i o n s  c o n t r i b u t e  more than  p r o p o r t i o n a t e l y  t o  

t h e  volumetr ic  en tha lpy  change f o r  Ge-rich composi t ions.  That i s ,  

a d d i t i o n  of S i  t o  Ge of 20 atom-% i n c r e a s e s  t h e  volumetr ic  hea t  s t o r a g e  

19% compared w i t h  on ly  11% were t h e  i n c r e a s e  t o  occur  p r o p o r t i o n a t e l y .  

An a d d i t i o n a l  measure of h e a t  s t o r a g e  c a p a b i l i t y  for  non- 

congruent ly  mel t ing  a l l o y s  could be de f ined  as t h e  en tha lpy  changes pe r  
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some s p e c i f i e d  AT between t h e  l i q u i d u s  and s o l i d u s  temperatures .  A PCM 

o p e r a t i n g  i n  t h i s  mode would never  completely f r e e z e  o r  m e l t .  Columns 7 

and 8 of Table 2 l i s t  t h e  s p e c i f i c  and vo lumet r i c  e n t h a l p y  change p e r  

100 K AT i n  t h e  two-phase regime f o r  a range of compositions.  On t h i s  

b a s i s  w e  see t h a t  bo th  t h e  s p e c i f i c  and vo lumet r i c  h e a t  s t o r a g e  capab i l -  

i t i e s  p r e d i c t e d  t o  f a l l  somewhat by a d d i t i o n  of S i  t o  Ge-rich composi- 

t i o n s .  The reason f o r  t h i s  appears  t o  be the h i g h e r  endothermic h e a t  

r e q u i r e d  t o  form t h e  s o l i d  s o l u t i o n  r e l a t i v e  t o  t h e  l i q u i d  s o l u t i o n .  

That is f o r  Ge-rich composi t ions,  t h e  exothermic s o l i d i f i c a t i o n  p rocess  

i s  p a r t i a l l y  quenched by t h e  h e a t  r e q u i r e d  t o  form t h e  s o l i d  s o l u t i o n ,  

as evidenced by t h e  h i g h e r  i n t e r a c t i o n  c o e f f i c i e n t  f o r  t h e  s o l i d  r e l a -  

t i v e  t o  t h e  l i q u i d  s o l u t i o n .  

Above a S i  mole f r a c t i o n  of 0.5, t h e  h i g h e r  s p e c i f i c  h e a t  s t o r a g e  

of S i  begins  t o  a f f e c t  a g e n e r a l  r i se  i n  s t o r a g e  c a p a c i t y  from 

-500 kJ/kg f o r  a 100 K swing i n  temperature  a t  x = 0.4 t o  the va lue  of 

1802 (kJ /kg )  f o r  pu re  Si.  
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7. CONCLUSIONS 

This r e p o r t  r e p r e s e n t s  an  i n i t i a l  s t e p  i n  t h e  e v a l u a t i o n  of Ge-Si 

a l l o y s  a s  hea t  s t o r a g e  m a t e r i a l s  f o r  s o l a r  dynamic power systems. S ince  

t h e s e  a r e  not congruent ly  mel t ing  a l l o y s ,  an  e s t i m a t i o n  of t h e  en tha lpy  

changes f o r  a g iven  tempera ture  swing i n  t h e  tvo  phase regime of t h e  

a l l o y  must account f o r  t h e  h e a t s  of s o l u t i o n  of bo th  t h e  s o l i d  and t h e  

l i q u i d  phase. Development of t h e  c a p a b i l i t y  f o r  de te rmining  t h i s  

en tha lpy  change pe r  u n i t  mass and a l s o  on a volumetr ic  basis i s  t h e  

p r i m a r y  purpose of t h i s  r epor t .  This  was accomplished by development of 

a c a l c u l a t i o n a l  procedure based on t h e  chemical thermodynamics of non- 

i d e a l  s o l u t i o n s  fo l lowing  t h e  p r i n c i p a l s  o u t l i n e d  i n  L u p i s ,  ' handbook 

va lues  f o r  t h e  p u r e  components G e  and S i ,  and t h e  r epor t ed  " r egu la r "  

n a t u r e  of both s o l i d  and l i q u i d  Ge-Si ~ o l u t i o n s . ~  

The c a l c u l a t i o n s  a r e  developed i n  a g e n e r a l  way s o  t h a t  e s t i m a t i o n  

of any of t h e  o t h e r  thermodynamic p r o p e r t i e s  of &-Si a l l o y s ,  f o r  

example t h e  Gibbs f r e e  energy a s  a f u n c t i o n  of tempera ture  and composi- 

t i o n ,  nay be acqu i r ed  wi th  only minor v a r i a t i o n s  i n  t h e  F o r t r a n  program 

l i s t e d  i n  Appendix B. I n  a d d i t i o n ,  t h e  procedures  r equ i r ed  f o r  ex ten-  

s i o n  of t h e  e s t i m a t i o n  method t o  systems of non-regular s o l u t i o n s  b u t  

f o r  which t h e  equ i l ib r ium phase diagram i s  a v a i l a b l e  may r e a d i l y  be 

accomplished wi th  t h e  a i d  of t h e  FITBIN curve f i t t i n g  package a v a i l a b l e  

i n  FACT.3 

A p re l imina ry  review of t h e  r e s u l t s  shown i n  Figs .  2 through 5 and 

i n  Table 2 show t h a t  a d d i t i o n  of S i  t o  Ge h a s  an i n i t i a l  e f f e c t  o€  

reducing  t h e  hea t  s t o r a g e  c a p a b i l i t y  somewhat due t o  t h e  r e l a t i v e  l a r g e  

endothermic hea t  r e q u i r e d  t o  form t h e  s o l i d  s o l u t i o n  r e l a t i v e  t o  t h e  

l i q u i d  s o l u t i o n .  These comparisons a r e  shown i n  Table 2 based on an  

assumed temperature swing of 100 K i n  t h e  two-phase region.  For 

composi t ions above 50% S i ,  both s p e c i f i c  and volumetr ic  c a p a c i t i e s  r i s e  

r a p i d l y  wi th  S i  con ten t  t o  t h e  high va lues  r e p r e s e n t a t i v e  of pure S i .  

The use of Ge-Si a l l o y s  f o r  h e a t  s t o r a g e  i n  s o l a r  r e c e i v e r s  has  

both nega t ive  and p o s i t i v e  a s p e c t s  which have no t  y e t  been f u l l y  e v a l -  

uated.  The nega t ive  a s p e c t s  r e l a t e  t o  t h e  non-congruent na tu re  of t h e  

phase change process  which r e q u i r e s  t h a t  t h e  hea t  d e l i v e r y  occurs  ove r  
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some temperature  range and a l s o  r e q u i r e s  movement of c o n s t i t u e n t s  be- 

tween l i q u i d  and s o l i d  phases.  It i s  n o t  y e t  clear how much of a 

d e t r i m e n t  t h e s e  f a c t o r s  p re sen t .  The i d e a l  of i so the rma l  h e a t  d e l i v e r y  

f o r  congruen t ly  me l t ing  PCMs i s  a f t e r  a l l  never  ach ieved ,  w i t h  tempera- 

t u r e  swings of f50 K e s t i m a t e d  i n  some c a s e s  f o r  sa l ts  i n  h igh  h e a t  f l u x  

zones r e q u i r e d  f o r  thermal  t r a n s p o r t .  

On t h e  o t h e r  hand, some p o s i t i v e  a s p e c t s  of us ing  t h i s  a l l o y  system 

f o r  s o l a r  r e c e i v e r  h e a t  s t o r a g e  are r e a d i l y  appa ren t  which war ran t  i t s  

eva lua t ion .  The a l l o y  system p rov ides  a range of h e a t  s t o r a g e  tempera- 

t u r e s  from 1217 t o  1687 K by v a r i a t i o n  of o n l y  t h e  composition. Their  

h igh  thermal conductance and r e l a t i v e l y  sma l l  volume change on m e l t i n g  

a r e  a d d i t i o n a l  p o t e n t i a l  b e n e f i t s .  
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APPENDIX A 

BASIC RELATIONS FOR g,  h ,  s ,  v ,  AND cp: 

g = h - T s ,  

The l a s t  f o u r  formulae e x p r e s s  h ,  s ,  v, cp i n  terms of g. 

v a l i d  f o r  r e l a t i v e  as well as p a r t i a l  q u a n t i t i e s .  For example, 

They remain 

For a pure n a t e r i a l ,  t h e  e n t h a l p y  and en t ropy  a t  any temperature  

can he found  by i n t e g r a t i o n  of 

= and c p  = T(+$, 
P 

r e s p e c t i v e l y ,  as is done in Sect. 4. 
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APPENDIX B 

PROGRAM LISTING FOR THE DETERMINATION OF THE ENTHALPIES 
PER UNIT MASS AND VOLUME OF SILICON-GERMANIUM ALLOYS 
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c 8/05/87 h . f  E n t h a l p y  o f  Go-Si as f u n c t i o n  o f  ( x . T )  
c . . .  T h i s  v e r s i o n  o u t p u t s  x h ( x . T )  i n  J/cc or i n  !J/kg 
c . . . .  f o r  5 0  v a l u e s  o f  x .  0 <- x <- 1. f o r  each g i v e n  T. 
c . . . .  Phoser t r e a t e d  ae r e g u l a r  s o l u t i o n s  [ M a s s o l a k i , l 9 8 6  1 .  
e . . . .  Computed a n t h o l p i s s  i n  cal/moI. Temperatures i n  depK. 
c . . .  . x - mole f r a c t i o n  o f  & S i ,  xL(T) - l iqu idus .  xS(T)-so l idus 
c . .  .. wx - m o l e c u l a r  weight  o f  a l l o y  a t  c o m p o s i t i o n  x 
c .  . . .  v x  - m o l a r  volume o f  a l l o y  a t  x 
c. .  . .  z l a m  x.T) - liquid f r a c t i o n  (from l e v e r  r u l e )  
c . . . .  h 0 J I I T )  (J-L,S. 1 4 . 6 ) :  reference m o l a r  e n t h a l p y  o f  I i n  phase J 
c . . . .  omegoL.omegaS : r e g u l a r  s o l u t i o n  model i n t e r a c t i o n  c o e f f i c i e n t s .  
c . . . . . .  r e q u i r e d  i n p u t :  s i n g l e  v a l u e  of Temasraturs: 

(p/mol) 

c . . . . . . . .  . i n  s t a n d a r d  o u t p u t  f i l s ,  
. . . . . . . .  c : x  i n  kJ/kg, i n  o u t p u t  f i l s  7. 

10 reod(5 , * )  T . .  
c ......................... 

do 1000 n-B,50 
x-. 02bn 

C a l i  PHASE(x.T,xL,xS,tlom) 
c . . . . . . . .  

i f (  zlom . l e .  0. ) then 
c a l l  ENTHALS(x.T.h) 

g o t o  100 
c . . . . . . . .  

e l s e  i f (  zlam . I t .  1.) t h e n  
tal I ENTHALm(x.T, xL. xS. zlam, h) 

g o t o  100 
c . . . . . . . . .  

. IS.  ~. 
call ENTHALL(x,T,h) 

g o t o  100 
s n d i f  

100 cont  i nus 
c . . . . . . . . . . . . . .  f i n d  t h e  molar  volume vx-v(x.T,P) 

vxA * 13.6. 1+22 5e 6*(T 300)) 
V X B  * 12.1*~1+9.9e-6* (T-~B0) )  

v x  - (1-x) v x A  + x VXB 
c . . . . . . . . . . . . . .  c o n v e r t  cal/mol t o  J/cc = (ca l /mo l ) r4 . l84 /vx  

c . . . . . . . . . . . . . .  f i n d  t h e  m o l e c u l a r  we igh t  Y X  

c . . . . . . . . . . . . . .  c o n v e r t  col/mOl t o  kJ/kg = J/g = (col/mo1)*4.184/wx 
h v e i g h t  = h t 4.184 / w x  
w r i t e ( 7 , 5 5 5 )  x ,hweight  

h v o l  - h 4.184 / v x  
w r i t c ( 6 . 5 5 5 )  x .hvol  

w x  = 75.59.(1-x) + 2 8 . 0 8 6 0 ~  

c ................................ 
1 QQQ c o n t i n u e  
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
555 f o r r n o t ( f l 0 . 6 . f l 5 . 5 )  
993 S t O D  

end 
C 

s u b r o u t i n e  P H A S E ( X , T . X L . X S . Z I ~ ~ )  

TA - 1211.45 
TB - 1687.15 
T0 - ( T  - TA)/(TE - TA) 

c . . . . . . . . . .  g i v e n  x . T ,  f i n d  xL. XS and z l a m e l i q u i d  f r a c t i o n :  
c . . . . . . . . . .  TA. TB from phose d iogram ( i n s t e a d  o f  1210.4 and 1685) 

i f (  T . g t .  TA ) g o t o  200 
XL - 0.  
x s  - 0. 
z lom = 0. 
go to  500 

X L  = 1 .  
x s  5 1 .  
zlam = 1 .  
go to  500 

2eQ i f (  T . I t .  TB ) g o t o  300 

360 c o n t i n u e  
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c . . . . . . . . . .  x L.xS from f i t t i n g  t h e  phose diagram ( i n  degC) 
c . . . . . . . . . .  t o  w i t h i n  .5X and . 9X  max r e l a t i v e  e r r o r .  

xL = T0t 245374+10*(.61952+10*(-.0848+T0*.221))) 
x s  = 1 0 4 :  63275+10* (-.9829WTB*. 50498) ) + I .  2199t I og( 1+10) 
z l a m  = ( x S  - x)/(xS - xL) 

end 
500 r e t u r n  

c . . . . . . . . . .  g i v e n  x.T .  f i n d  h(x,T] (cal/mol) f o r  S o l i d  a l l o y :  

C 
subrout ine  ENTHALS(x.T.h 

omegas - 1553.5373 
TCI T * 1 a-3 

c . .  .... . _  . - ... re ference e n t h o l p i e s  o f  S o l i d  W e  and %Si : 
hBSA = -1600.675+5160.~TB+70O.rTO.T0 
h0SB -2063.69+5720.+TB+295.tT0tTB+99./10 
xA e 1.-x 
h - xAt(h0SA + msgaS*x*x )  + xe(h0SB + ornegaSlxA*xA) 
r e t u r n  
end 

subrout ine  ENTHALL(x,T,h 
c . . . . . . . . . .  g i ven  x . 1 .  f i n d  h(x .1  (cal/mol) f o r  L i q u i d  a l l o y  : 

omsgoL - 836.52 
T 0  T 1."-S . . . . . .  - 

c . . . . . . . . . . . . .  re fe rence e n t h a l p i e s  o f  L i q u i d  A%e ond %Si : 
h0LA = 6481.897 + 6600.f T 0  
h0LB = 10258.635 + 6120. TO 
xA 5 1.-x 
h = xAl(h0LA + omsgaL*x*x) + xt(h0LB +omcgaL*xA+xA) 

r e t u r n  
end - 

subrou t i no ENTHALm(x , T I  xL, xS, z I am, h) 
c . . . . . . . . . . . . . . .  f i n d  h x . T )  (cal/moI) f o r  mushy a l l o y  : 

c a l  I MTH*LL[xL.T.hl.] 
c o l  I ENTHALS xS.T.hS 
h = r l amrhL  + (1.-zlam)*hS 

r e t u r n  
end 
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