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CALCULATION OF THE SPECIFIC AND VOLUMETRIC
ENTHALPIES OF Ge-8i ALLOYS

Vasilios Alexlades

ABSTRACT

A procedure 1s developed for the calculation of
specific and volumetric enthalplies of Ge-5i alloys as an
initial step in the evaluatioun of these materials for heat
storage in solar dynamic power systems. The calculation is
based on the thermodynamics of non—ideal solutions and the
reported "regular" nature of liquid and solid Ge-51 solu-
tions. With only minor wmodifications, all of the other
thermodynamics properties of this alloy system may addi-
tionally be evaluated.

Use of Ge—Si alloys for heat storage purposes in solar
receivers entails both negative and positive aspects. The
negative aspects relate largely to the non-congruent nature
of the phase change process which precludes isothermal heat
delivery. However, on the positive side are high thermal
conductance, low volume change on melting, and the
availability of a range of heat delivery temperatures by
modification of only the alloy composition.

1. INTRODUCTION

Solar dynamic power systems are generally designed to 1nclude a
thermal storage material in the receiver which provides heat to the
turbine fluid during the eclipse portion of the ecycle by the release of
the latent heat of fusion of a phase change material (PCM). Ideally,
one would select a congruently melting material for this purpose, i.e.,
either a pure compound or a eutectic mixture, so that the freezing or
melting process may take place with no compositional change required be-~
tween liquid or solid phases. in such a case, the heat release would be
isothermal, at least theoretically, which is most appropriate for the
heating portion of a thermodynamic cvele. In practical systems, how—
ever, Isothermal heat supply in such a manner can never be achieved
because significant temperature gradients are required In order to drive

heat into and out of the storage material.



In this report, an imitial evaluation 1is performed of the possible
use of the non—congruently melting Si-Ge alloys for use as heat storage
material for solar receivers, TIn this system, heat delivery and accep-
tance 1s not iIsothermal but occurs instead over some temperature range
between the liquidus and solldus temperatures, In addition, composi-
tional change 18 required for the process; i.e., both Si and Ge must
move from liquid to solid phases at all times during the phase change
process, However, if an adequate amount of heat may be stored within an
acceptable AT between the liquidus and solidus temperatures and the mass
transfer between phases proves to be sufficlently rapid, then use of S§i-
Ge alloys as PCMs provide a number of potential advantages, such as:
(1) high thermal conductance, {2) a variable temperature range simply by
adjusting the composition, and (3) high heat storage capacity per unit
volume for the Ge-rich alloys and high heat storage per unit mass for
the Si-rich compositions.

This report provides a necessary first step in the evaluation of
the use of non-congruently melting Si-Ge alloys as heat storage mate-—
rials for solar receivers, A calculational procedure 1s described for
deternining the enthalpy change between two given temperatures for S5i-Ge
alloys of arbitrary composition. An important aspect of the calculation
is the evaluation of the heats of solution of the liquid and selid
phases which continually form and vary in composition with each temper-—
ature change, The method for determining the heats of solution, based
on pure component properties and the shape of the phase diagram, 1is
described in Sects. 2?2 through 5. In Seect. 6, the method is applied to
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the Ge—Si system using the reported "regular" nature of these liquid and
solid solutions.

The procedure for determining the enthalpy change in Si-Ge alloys
is developed in a general way so that adaptation to other hinary solu-
tion systems may be readily accomplished. The adaptation requires only
revision of the input for the properties of the pure components, infor-
mation regarding the nature of the solution (ideal, regular or unon-
regular), and the shape of the phase diagram throughout the region of

interest. Furthermore, though this development emphasizes determination

of the enthalpy change per unit mass and volume, it is seen that the



procedure applies as well to other thermodynamic properties; e.g., free

energy and the entropy.

1.1 Approach and Notation

The calculation of any of the thermodynamic properties of the Ge-5i
alloy system entalls similar steps, therefore a general procedure may be
adopted in terms of a generic thermodynamic property w(x,T,P) which for
a given concentration (mole fraction), x, temperature, T, and pressure,

P, may represent any of the following:

g
h

Gibbs free energy,

[

enthalpy,

s = entropy,

v = volume, and

p

Use of the small case denotes a property per mole of substance. We will

heat capacity.

use the corresponding capital to denote the extensive property.

All of the above properties are inter-related (see Appendix A) and
hence any one may be the basis for an estimation method from which all
the others may be calculated. We chose to set up the caleulation in
terms of the Gibbs free energy, g(x,T,P}). In addition, at the outset a
general binary alloy or solution is considered, comnsisting of pure
components, A {(the solvent) and B {(the solute). In Sect. 6, A is
specified as Ge and B as Si. As composition variable we use the mole

fraction of the solute, B;

X =X, = NA
= - »
B NA + NB
whence
N
L—x=x, =5 iN
A B

represents the mole fraction of solvent A, Ny and Ny belng the numbers

of moles of A and B.



We shall use the following, rather standard notation:
w(x,T,P) = Value of w per mole of alloy Aj_, B at T, P,
w2(x,T,P) = (Raoultian) reference state for the alloy, equal to the
molar average of the pure constituents,

Awid(x,T,P) = Ideal solution increment for w°,

0

Aw®%(x,T,P) = Non-ideal or excess increment for w°,

wg(T,P) = Reference value for pure 1 = A, B,
wi(x,T,P) = Partial molar value with respect to constituent 1.
In condensed systems of modest pressure variation, the pressure
effect on thermodynamic varlables is generally negligible and will
ultimately be dropped. By definition from the above,

w o wo 4+ Ayld 4 AweX

In the following Sects. 2 through 5, we outline the caleculational pro-
cedures for determining the generic thermodynamic property, w, for
ideal, regular, and non-ideal solutions, using largely methoeds described
by Lupisl and by Brebrick et. al.? The procedure is applied in Sect. 6
to both the liquid and solid phases of the Ge-5i system and combined in
the two phase regime by use of the lever rule. Results are obtained for
h(x,T) in terms of both (J/g) and (I emd) by means of a Fortran program
listed in Appendix B. The results for h(x,T) are presented in Table 2
and Figs. 2 through 5.



2. THERMODYNAMIC FUNCTIONS OF MIXING

Consider N, moles of pure A and Ny moles of pure B at temperature T
and pressure P, The thermodynamic property w has the value WK(T,P) per
mole of component A and wg(T,P) per mole of component B. Therefore the

value is assigned
o )
WO = Ny w, + Np oy (2.1)
as the {Raoultian) reference value or, per mole,
o o 0
W= X, W + Xy W e (2.2)

After mixing and equilibration at the same T, P we have N, + NB meles of

solution with

W= N, ;FA + N 'GB , (2.3)
or, per mole,
W= X, ;A + XB-;B R (2.4)
—_ oW
where wi(x,T,P) T denotes the partial molar w of component
1/N

k#1,T,P
i in solution of concentration x, temperature T, and pressure P,

The change in w upon mixing, per mole of solution is therefore

mix _ o _ —~mix ~—mix
Aw =w—w =X AWA + xy AwB , (2.5)
expressing the Integral Aw in terms of the partial d;i, where
A'%Ti"(x,'r,?) = ;1 -—w‘; , 1 =A,B. (2.6)

From the definition of partial properties, one obtains

mix
A;’:ix = &P x(é-é—%—**—) , (2.7)
* JT,p



mix
AR L agEX o gy (Y , (2.8)
B ax T.p

expressing the partial properties in terms of the integral property.

Traditionally, the partial Gibbs free energies of mixing, also

called relative chemical potentials, are expressed in the form

—mix - _

AgA = AuA = RT 1n a, (2.9)
—mix -

AgB = AuB = RT 1n ag (2.10)

where a; = activity of component i. Hence

mix

g™ (x,T,P) = (1 —x) 8, +x &up

(2.11)

[

RT[(1 — x) Ina, + x 1n aB] .

A

The activities are, of course, functions of (x,T,P) and also depend on

the reference state. They can be expressed as

Ay T Yp¥A 0 2 T Tp¥p e (2.12)

with YA’ YB the activity coefficients.
The simplest solutions are those for which (choosing Raoultian ref-

erence states)
Y _:_1"" El’ (2:13)

called ideal solutions, and then a; = x;, 1 = A,B. For ideal solutions

we have (see Appendix A):

Aiid = RT 1n x, (2.14)
id
Ag = RT[xAlnxA + xBlan] = RT[(1 — x)In(l — x) + x1nx] < 0, {(2.15)
antd - o (2.16)
Asld = *R[xAlnxA + xBlan} = -RI(1 — x)1n(l ~— x) + xlnx] > O, (2.17)

avi? = 0 (2.18)



Acpid =0 (2.19)

It iIs convenlent then to express mixing functions of real solutilons
as sums of ideal and excess terms:

P L (2.20)

Since AWMix = E X, d;?ix, we also have
i ]

A%?ix - Awid + Awex

: . L s 1=A3, (2.21)

for the partial properties. Again, all excess functlons {partial and
integral) may be expressed in terms of Agex (see Appendix and Sect. 3).
The ideal terms being known, a complete thermodynamic model of the alloy
consiats of an expression for the excess Gibbs free energy (of mixing)
which describes the interaction of the components,

Clearly, each phase (solid, liquid) constitutes a different chen-
ical solution and the discussion above applies to any single phase. To
distinguish between values for different phases, we shall use a super-
script j = §,L. In particular, different expressidns for Agex’s

and Agex’L may be necessary.



3. PARTIAL AND INTEGRAL PROPERTIES

From the discussion on mixing in Sect. 2, it follows that the value

of a thermodynamic function w at state (x,T,P) {(in a fixed single phase)

is given by
W(XsT'»P) = WO(X}T;P) + Awmix(x,T,P)
(3.1)
= wo(x,T,P) + Awld(x,T,P) + Awex(x,T,P) ,
and similarly for partial values,
;i(x,T,P) = w?(T,P) + Aw(x,T,P)
’ (3.2)
= w (T,P) + AG;d + A;ix , 1 = A8 .

At the same time, the integral and partial properties are related by

w(x,T,P} = E X ;&(X,T,P) = (1 —x) ;A + X.;B R (3.3)
or, conversely,
;A =y —-x(gﬁ) or ;£ =w + (1=x) (%%) . (3.4)
Xip.p T,P
In particular, for the chemical potential and the Gibbs free energy
we have,
- o] —id —ex
w GG T,PY = ui(T,P) + Aups + Ay
(3.5)
= “i +RT lax, +RT Iny, , 1 =A,B,
g(x,T,P) = g°(T,P) + Agid + AgSF
= % X, My (3.6)
. —o o
= + RT +
Z X Uy R Z X In X, RT Z X, In Yi

Finding the reference values wz(T,P) is discussed in the next
section. The ideal values are known [see {2.14) - 2.19)] and the excess

ex
values of w = h, s, v, cp can be expressed in terms of Agi or nore



conveniently in terms of excess chemical potentials via partial proper-—

ties (see Sect. 5).. The formulae are as follows:

Partial enthalpies: E&(X,T,P) = hi(T,P) + 0 + dﬁ:x

(dﬁix) (3.7)
3
T

1 = A,B .

]

(o]
i+ | et
T x, P

ho(x,T,P) + 0 + ARS¥

)

Integral enthalpy:  h(x,T,P)

B
apntes]
"
Ea

(3.8)

i
=l
=]
+

Partial entropiles: Ei(x,T,P) = sg XT,P) + d;id + AgX (3.9)

i

3-ex
4y
5T ’

L]

o
s, =R 1ln x, ~
i i

ex

Integral entropy: s(x,T,P) so(x,T,P) + Asid + Asg (3.10)

) X 8.

= g0 — g L
g R g Xy In xi ( S )'X,P -

il

A—EX
Vi

BRI R SR

Partial volumes: ;;(X,T,P) = vz(T,P) +0 +



i0

Integral volume: v(x,T,P) = v°(x,T,P) + 0 + AvEX

= E X, v, (3.12)

ex
NI CLY:A
aP x,T *

Partial heat _ o ox
ities: L, = + + Ac T,
capacities opl(x,T,P) cpi(T’P) 0 Cpl

Cpi + —571,—'—'— x,P (3.13)

e, — T|——mrm , 1= A,B .
pi aT2 K, D

b

Integral heat

o ex - =
capacity: cp(x,T,P) = cp (x,T,P) + 0 + Acp = l Xicpi

o BAhex)
= + (3.14)
°p ( 9T /x,P

o - a2an®¥
c. =T |— .
p aT2 X’P

These are standard thermodynamic relations wvalid for each single

phase, solid and liquid. For a state (x,T,P) which lies in a two—phase
region of the phase dliagram, the thermodynamic properties per mole of A
plus B are averages of the corresponding liquidus and solidus values
weighted by the liquid fraction, A.

Let us use superscripts 5, L, and m to denote values for solid,
liquid and two—phased {(mushy) states, respectively. In particular,
xS(T) and xL(T) denote the solidus and liquidus compositions at tempera-
ture T. For a simple phase diagram like that for GeSi,“ shown in
Fig. 1, the liquid fraction at mean composition x and temperature T,

when (%x,T) lies in the two-phase region, is given by the lever rule
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Fig. l. Germanium—silicon phase diagram.q
xs(T) - X
AMx,T) = (3.15)

XO(T) — x2(T)

Then, the value of a property w(x,T,P) for a two-phase (mushy) state
(x,T,P) is

P, T,P) = A (xD(T),T,B) + (1 — A) wo(x5(T),T,P) . (3.16)

Using the above formulae, values at any state can be calculated

once the reference values and the excess free energy are found.
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4, EVALUATION OF REFERENCE VALUES

The required reference values are wi’J(T,p) and Wg’j(T,p) for the

pure components A and B in each single phase j = 5,L. Usually the pres-—

sure is fixed at P and using the thermodynamic relations listed in

atm?
the Appendix, only the following standard thermodynamic data for each

component i A,B are needed:

T; = melt temperature of 1 = A,B,

Aho’fus(Ti) = molar heat of fusion of i at its melt temperature T,
Sg(Tref) = standard molar entropy of 1 at some reference temperature

T of {usually T oof = 298.15 K),
Cgij(T) = molar heat capacity of i in phase j as function of temper-
ature.

From these, we obtain (assuming Tref < ’I'i for definiteness)

T
0,5 - 0,S ‘
hy?7(T) | i (T)dT , T < T, , (4.1)¢
T
ref
o,L 0,5 o,fus T o,L
’ - s Hor s .
h?7(T) = b P T(T,) + bhy (T) + é <01 (TWT , T>T, , (41)
i
0,8 o T 1 o,8
* - = ]
' (T) = s (T )+ é © i (t) at, T< T, (4.2)g
ref
o,L 0,8 1 o, fus T 1 o,L
) = ¥ — ’ — »
sy0 (T) = 87 (T,) + o~ Ahy () + [ ¢ epp (£) dE, T > T (42)y
i T
1
0,5 = 1035 _ a,S \ P
ny (T) hi (T) — T 84 (Ty , T X 111 . (4.3)g
o,L _ 1.0,L _ o,L,.
My {(T) hy (Ty =T s*°(T) , T>T, . (4.3)1

These are the reference values for the partial properties entering the
formulae of BSect. 3 when P = Patm' In the (unlikely) case that the
pressure dependence of the basic data is significant and can be found,

one can also determine



i3

0,3 B“E'j(T’P’ '
vOU(TP) = S, 3 = S,L, 1 = A (4.4)

More effectively, however, the temperature dependence of the molar

volumes can be found from the (isobaric) thermal expansion coefficients

0,1
a,] 1 avi
? = [P i = =
@ (T,?) o3 T IR AR, ] s,L . (4.5)
M
Dropping the 1implied pressure dependence and integrating Ea. (4.5), we
have
T
f ao’j dT
T i
0,] % ref - -0
v, (T) vy (Tref) e , 1 = A,B , j 5,L (4.6)

with Tref a reference temperature, typically = 300 K, at which reference
molar volumes can be found., Usually the thermal expansion coefficients
are small and approximately constant for solids, so (4.6) may be approx—

imated by

_ 0,5 0,5 _ -
vy = v, (Tref) i+ ai (T Tref)] s 1 A,B . (4.7)

To find the liquid molar volume relafive to its value at the standard

state, we also need the volume change upon nmelting,

o _ . o,L 035
Avi(Ti) = vy (Ti) vy (Ti) .
Then
T
f GO’LdT
i
n,L 0,5 Av® o,L Ti
‘ = i +
v T = ov () v (T + v, 2 (T,) e

vO’L(T Y11 + e

i
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or, writing

and approximating the exponential, ylelds

o,L
1

v;’L(T) = [v;”S(Ti) + Av‘;(Ti)][z + o . (T—-Ti)] , 1 =A,B . (4.8)
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5. EXCESS FREE ENERGY

In Sect. 3 all property values are expressed in terms of the excess
free energy Agex or excess chemical potentials AE?X. These quantities
describe the interaction of the two pure components and constitute a
thermodynamic model of each phase of the alloy or solution. If Aﬁ?x .
i = A,B, j = S5,L are known as functions of (x,T) at a fixed pressure P,
then the solidus, xS(T), and liquidus, xL(T), at that pressure are

described by the equations

-5, 8
= s T 5.1)A
UA( , T A(x ) (5.1)
BEST = Wt _ (5.1)8
B B -
expressing thermodvnamic equilibrium between the two phases. From

Egq. (3.3), the partial molar chemical potentials of the liquid and solid
phases are related to the pure element reference value, the phase

composition and the excess due to non-idealities in the mixing process:

—ex S(x

S(Ty + RTIn(1=") + - uz’L(T) + RTIn(l-x")

~aex,L, L
{x

+ Au ,T) (5.2)A

b

Sy + RTine® + TS G5, T) - w2 B (1) o+ RTLnk"+ e Lexlory (5.2)8

Equations (5.2)A and (5.2)B provide the relations between the shape

5

of the phase diagram, as x” and xL, and the chemical consequence of the

mixing process as defined by the four partial molar chemical potentials.
If these are known from measurements, then Eq. (5.2) may be used to

determine the shape of the phase diagram. The converse process is of

interest here where known values of x5 L

and x taken from a phase diagram

are used to determine the properties of mixing.

Since Egs. (5.2)A and (5.2)B provide only two relationships for the

four wnknown mixing properties ﬁix’s, EEX’L, ﬁgx,s’ and EEX’L, addi-

tional information must be provided for the derermination from the chem—
ical nature of the solution. For example, the solution may be repre-

sented as ideal, in which case the excess terms In Eq. (5.2) are zero
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and the relationships (2.l4) through (2.19} may be used for determina-

tion of the mixing properties.
2

The simplest real solutions, called regular solutions, are
described by a single interaction term:
ex
Ag T (x,T) = Q X, %p (5.3)
=0 (1 - %) x .
To allow higher order interactions one writes
ex . m .n
Ag T (x,T) = min R ¥y Xg o (5.4)
¥

where the dnteraction coefficients an must be determined by fitting
experimental data. An extensive discussion on excess free energy
representation may be found in Lupis.1

Estimation of the interaction coefficients defined in Eqs. (5.3) or
(5.4) from the phase diagram may be performed by use of a computer
package like FITBIN3 by the following procedure:

Step l: Choose a particular number of interaction terms, say
hg = i1 X)X + 80 XAX% + 025, xixB + foo xixﬁ .

Step 2: Use a computer package (e.g. FITBIN) to calculate the unknown
interaction coefficients by using known solidus and liquidus
composition data from the phase diagram. The FITBIN program is
based on relationships such as Eq. (5.2A) and (5.2B) where the
excess terms are estimated in terms of the unknown interaction
coefficients. A sufficient number of points (xs and XL) on the
phase diagram are selected to enable a least squares fit for
the unknown interaction coefficients.

Step 3: Redetermine the phase diagram using the estimated interactionmn
coefficients. If the resulting phase diagram is not suffi-
ciently close to the known phase diagram, then return to Step 1

and allow more interaction terms.
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Step 4&: Repeat until a satisfactory fit is obtained. The computer
package calculates the interaction coefficlents and thus an

expression for Agex is obtained.
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6. DETERMINATION OF THE ENTHALPY OF Ge-Si ALLOYS

We apply the described procedure to the Ge—Si system in order to
find the enthalpy h(x,T} and therefore enable prediction for the

enthalpy difference between any two states.

According to Massalski," Ge and Si form regular liquid and solid

solutions with interaction coefficients,

QL

3500 (J/mol) and

Ee]
1]

6500 (J/mol) .

The phase diagram for this system is shown in Fig. l. Some pertinent

thermochemical properties of the pure materials are given in Table 1.

Table 1, Heat storage properties of

Ge and Si
Ge 51
Molecular weight  g/mol 72.59 28,09
Melting polnt K 1213 1687
Heat of fusion J/g 507 1802
J/cm? at T, 2649 4116
Tnteraction J/mole
coefficients
Solid solution 6500
Liquid solution 3500

“Defined by Eq. (5.3) for regular solu-
tions.

The required data for the pure materials, A Ge and B = S5i are

available in Kubaschewski and Alcock.”

it

Melt temperature (K): T, = 1211, T 1687

A B

Heat of Fusion (cal/mol): AhZ’fus

(TA) = 8800,

Aho’qu(TB) = 12,100
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Standard entropy (cal/mol K): sz(Tref) = 7,43, Tref = 298 K
sgcTref) = 4.5
Solid heat capacity (cal/mol K): ¢22°(T) = 5.16 + 1.4 (T/10%)
©23(T) = 5,72 + 0.59 (1/10%)
- 0.99%10° /12
Liquid heat capacity (cal/mol K): CEAL(T) = 6.6
c;éL(T) - 6.12

For regular splutions with interaction coefficlents QS = 6500 J/mol

(1554 cal/mol) and @F = 3500 J/mol (837 cal/mol) we obtain,

i xX,L L
Agex,S = Qg(l - x)x Agex’ = 2(l —x)x ,

and, by (3.4), the excess chemical potentials are (in cal/mol)

%5 = @52 AEEX'S =231 - x)2 |
Aﬁix’L - S?,sz , A—]:gx,L - Q.sz .

Now we use (3.7} to find the partial enthalpies (in cal/mol):

-5 0,5 S 2
hA(x,T) hA (T) + 2"x

Ei(x,T) - hg>s(r) + 251 — x)2

=3
-~
]
-1
S
4

hZ’L(T) + aFx2
. o,L 1.
hp(T) = by’ “(T) +2°(1 —x)?

where the reference values are obtained by integration of

{(6.1)

(6.2)

(6.3)

the heat
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capacities according to (4.1):

i N2
hZ’S(T) -1600.675 + 5160 (vELD + 700 <_l”> ,
103 103

" 2 3
h2S(T) = -2063,69 + 5720<f1») + 295 [_L ) + 09 (12 )’
103 103
(6.4)
h2>h(T) = 6481.897 + 6600 (uJL_) ’
103
hO*M(T) = 10258.635 + 6120 (,JL_) .
B 3
10
Then, using (3.3), the integral molar enthalpies are
hS(X,T): (1 — x) Ei(X,T) + x F:(X,T) s {in solid)
(6.5)

Wl e, T) = (1 = x) Ek(x,T) + x ﬁg(x,T) , (in liquid)

and, by (3.16)
R%(x,T) = Alx,T) hU[x0(1),T] + [L— AG«,T)] ho[x(T), T] (6.6)

in the two-phase ("mushy'") region, where

S
Ax,T) = & (1) ol (6.7)
x (T) — x (T)

xS(T) and xL(T) being the solidus and liquidus compesitions. For calcu-
lations we need numerical values for xS, xL. Reading 10-12 points for
each curve off the phase diagram and employing a least-squares curve-
fitting routine to fit the points, we obtained the following expressions

(with T_ = (T = T,)}/(Ty - T )¢

O
XO(T) = 63275 T — .98298 T2 + ,50489 13 + 1.2199 1n (1 + T ) ,
(@] o] o] [a) (6.8)
xU(T) = .265374 T + .61952 12 — 0848 T3 + .22 T .
(o] [a) O O

Relative to the input data points, the maximum relative arror was less
than .9% for xS(T) and .5% for XL(T).
The above expressions yield the eathalpy in terms of cal/mol. More

conveniently, we will express results in terms of joules per unlt mass
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and joules per unit volume. Conversion of h{cal/mol) to h{kJ/kg) is
accomplished by multiplying by 4.184/M(x), where M(x) is the alloy
molecular weight at composition x. Alternatively, to express the values
in J/cm3, multiply by 4. 184/vi(x T,P), where ot (x,T,P) is the molar
volume of the alloy at state (x T,P) in phase j = 8,myL. This is ex~-
pressed as follows:

By (3.12)

. - '
vi(x,T,P) = {1 w-x);; + x vg s 3 = s,L , (6.9)

where, by (3.11), the partial molar volumes are

aAﬁeX:]
j 0,] i . .
vi(s,T,P) = v{*I(T,P) + “H e, 0 T AP LI =8 (6.10)

Dropping the pressure dependence of the excess chemical potentials, and

to be consistent with (6.2), we take the last terms as zeros. The ref-

erence values are found by (4.7) and (4.8). T¥rom [6],

S s
(T 2 = 13.6 emd fmol vg’ (T em) = 1201 em/mol

ref’ ef’

at Tref = 300 K, and from [7],

uz’S(T) =3 x 7.5 % 10"6/K , 723 K £ T < 1113 K ,

3% 3.0 x 1070/ , 773K < T < 1113 K ,
(1) =

3 x 3.3 x 1070/ , T = 1273 ,

We assume these values hold at temperatures up to 1700 K, whence, in the

range 1200 K <« T < 1700 K, we take

~5 or L 0,5 or L
A

v, (T) = v (T) = (13.6)[1 + 22.5 x 107 0y(T — 360)] ,  (6.11)

-5 ‘ -
7> of Lepy vg's or Limy & vg’3(1200)[1 + (9.9 x 107%3(T — 1200)] ,

(6.12)
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with
vg's(lzom = (12.1)[1 + (9 x 1078)(1200 — 300)] = 12.198 cm3/mol.

Evaluation of the solid and liquid phase molar enthalpies, as ex-
pressed by Eq. (6.5), and the molar enthalpies in the two phase regime,
according to Eq. (6.6), was implemented by a short Fortran program
listed in Appendix B. Figures 2 and 3 express the resulting specific
enthalpies vs. composition and temperature, respectively; Figs. 4 and 5
express results 1n terms of enthalpy per unit volume.

One measure of the heat storage capacity of GeS1 alloys is the
enthalpy change of a particular composition between the liquidus =znd
solidus temperatures. These may be determined most convenfently using
Figs. 3 and 5 for the specific and volumetric enthalpy changes, respec-
tively. Values are listed in Table 2 in columns 5 and 6 for a range of

alloy compositions. As expected, Dboth the specific enthalpy and
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Fig. 2. Specific ¥nthalpy (kJ/kg) vs GeSi composition.
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Table 2. Estimated heat storage capacities of
Ge-31 alloys per 100 K AT

Enthalpy change between  Enthalpy change

Mole fraction DOlidl"_ls Solidus AT between1liquidus liquidus and solidus per 1CC X AT
si temperature temperature and solidus
(x> {X) (X) 3 : 3
(J/g)  (I/em®) (I/g) (J/em”)
0 1211 1211 0 507 2649 507 2649
0.2 1265 1403 138 550 3140 471 2270
0.4 1337 1503 166 830 3450 500 2080
0.5 1451 1573 122 1130 3690 926 3020
0.3 1553 1663 110 133¢ 3930 1210 3570

1.0 1687 1687 0 1802 4116 1802 4116

%e
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Fig. 5. Enthalpy per unit volume (J/cm®) vs temperature.

volumetric enthalpy changes between the liquidus and solidus tempera-
tures increase with increasing Si contents reflecting the intrinsically
higher values for Si.

However, the dincrease 1in specific heat storage capacity with
increasing Si content of the alloy is less than expected for Ge-rich

compositions. For example, the change from pure Ge to Ge-20 atom-% 5i

increases the specific enthalpy changes only 28% whereas a 517 increase
would be expected were the increase proportional to the S5i content over
the span of composition. That is, the full benefit of the high specifiec
enthalpy of 51 is felt predominantly at the Si-rlch end of the scale,
Conversely, Si additions .contribute more than proportionately to
the volumetric enthalpy changé for Ge-rich compositions. That 1is,
addition of 8i to Ge of 20 atom-7% increases the volumetric heat storage
19% compared with only 117% were the increase to occur proportionately.
An additiomal measure of heat storage capability for non-

congruently melting alloys could be defined as the enthalpy changes per
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some specified AT between the liquidus and solidus temperatures. A PCM
operating in this mode would never completely freeze or melt. Columns 7
and 8 of Table 2 1list the specific and volumetric enthalpy change per
100 K AT in the two-phase regime for a range of compositions. On this
basis we see that both the specific and volumetric heat storage capabil-
ities predicted to fall somewhat by addition of S1 to Ge-rich composi-
tions. The reason for this appears to be the higher endothermic heat
required to form the solid solution relative to the 1liquid solution,
That 1s for Ge-rich compositions, the exothermic solidification process
is partially quenched by the heat required to form the sclid solution,
as evidenced by the higher interaction coefficient for the solid rela-
tive to the liquid solution.

Above a S5i mole fraction of 0.5, the higher specific heat storage
of 5i begins to affect a general rise in storage capacity from
~500 kJ/kg for a 100 K swing in temperature at x = 0.4 to the value of
1802 (kJ/kg) for pure Si.
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7. CONCLUSIONS

This report represents an Initial step in the evaluation of Ge-Si
alloys as heat storage materials for solar dynamic power systems. Since
these are not congruently melting alloys, an estimation of the enthalpy
changes for a given temperature swing in the two phase regime of the
alloy must account for the heats of solution of both the solid and the
liquid phase. Development of the capability for determining this
enthalpy change per unit mass and also on a volumetric basis is the
primary purpose of this report. This was accomplished by development of
a calculational procedure based on the chemical thermodynamics of nen-~
ideal solutions following the principals outlined in Lupis,! handbook
values for the pure coumponents Ge and 8i, and the reported "regular"
nature of both solid and liquid Ge-Si solutions.?

The calculatlions are developed in a general way so that estimation
of any of the other thermodynamic properties of Ge-8i alloys, for
example the Glbbs free emnergy as a function of temperature and composi-
tion, may be acquired with only minor variations In the Fortran program
listed in Appendix B. In addition, the procedures required for exten—
sion of the estimation method to systems of non-regular solutions but
for which the equilibrium phase diagram 1Is available may readlily be
accomplished with the aid of the FITBIN curve fitting package available
in FACT.3

A preliminary review of the results shown in Figs. 2 through 5 and
in Table 2 show that addition of Si to Ge has an initial effect of
reducing the heat storage capability somewhat due to the relative large
endothermic heat required fto form the solid solution velative to the
liquid solution. These comparisons are shown in Table 2 based on an
assumed temperature swing of 100 X in the two-phase region. For
compositions above 50% Si, both specific and volumetric capacities rise
rapidly with S8i content to the high values representative of pure Si.

The use of Ge-Si alloys for heat storage in solar receivers has
both negative and positive aspects which have not yet been fully eval-
uated. The negative aspects relate to the non-congruent nature of the

phase change process which requires that the heat delivery occurs over
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some temperature range and also requires movement of constituents be-—
tween liquid and solid phases. It is not yet clear how much of a
detriment these factors present. The ideal of isothermal heat delivery
for congruently melting PCMs is after all never achieved, with tempera-
ture swings of %50 K estimated in some cases for salts in high heat flux
zones required for thermal transport.

On the other hand, some positive aspects of using this alloy system
for solar recelver heat storage are readlly apparent which warrant its
evaluation. The alloy system provides a range of heat storage tempera-
tures from 1213 to 1687 K by variation of only the composition, Thelr
high thermal conductance and relatively small volume change on melting

are additional potential benefits.
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APPENDIX A

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

o9
i
=
!
&

S

The last four formulae express h, s, v, cp in terms of g They remain

valld for relative as well as partial quantities. For example,

ix mi x aag ™%
an™ = Ag -~ T -—-—%‘T— , and
X, P

- . aA'Ji
Ahy = duy = T A\37
%, P

»

Fer a pure material, the enthalpy and entropy at any temperature

can be found by integration of

oh ds
¢y~ ("ﬁ*f)? and ¢ = T(‘é‘f)p

respectively, as 1s done in Sect. 4.






33

APPENDIX B

PROGRAM LISTING FOR THE DETERMINATION OF THE ENTHALPIES
PER UNIT MASS AND VOLUME OF SILICON-GERMANIUM ALLOYS
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c 8/85/87 h.f Enthalpy of Ge-Si a3 function of (x,T)
... This version outputs x h(x,T) in J/ce or in ki/kq
c. for 50 volues of x, @ <= x <= 1, for sach given T.
€. Phases treated as reguiar solutions [ Massalski, 1986 ].
c. Computed snthalpies in cal/mol, Temparatures in degk.
c. x = mole fraction of B=Sj, xL(T)=liquidus, xS{T)=solidus
€.... wx = molecular weight of alloy at composition x (g/mot)
¢.... vx = molar volume of alloy at x
c.... zlam(x, T} = liquid fraoction (from levar rule)
C.... hBJI{T) (J=L,S, I=A,B): reference molar enthalpy of I in phase J.
€.... omegal,omegaS : regular ‘solution modal interaction coefficients.
[P required input: single :vaiue of Temperature;
Covernnnn outputs: x héx;T; in J/ee, in standard output file,
Covevnnan tx h(x,T) in kJ/kg, in output file 7.
10 read(5,s} T
Bt it
do 1880 n=d, 50
xe, 8290
call PHASE(x,T,xL,xS,z!am)}
Covrnnnn
if( zlam .le. &, ) then
call ENTHALS(x,T,h)
goto 1@@
[
else if{ zlem .Ft. 1.) then
coll ENTHALm(x,T,xL,xS,zlam,h)
gete 10@
Corininnnn
else
call ENTHALL(x,T,h)
goto 108
endif
198 continue
€ find the molar volume vxev(x,T,P)

VXA = 13.6sEt+22.5046t(T-366))
vxB = 12, 12(149. 98-8+ {T-3020))
vx = {1-x) & vxA + x & vxB
G e convert cal/mol to J/ce = (cal/mol)+4.184/vx
hvol = h o 4.184 / vx
write(6,555) x,hvol

PN find the molecular weight wx
wx = 75.59¢({1-x) + 28.086ex
Coveirtiiaanen convert cal/mol to kl/kg = J/g = {cal/mol)+4,184/wx

hweight = h » 4. 184 / wx
write{7,555) x,hweight

1800 continue
e e e e ..
585 format(£10.8,115.5)
329 stop
end
[+
subroutine PHASE{x,T,xL,xS,z!om)
Covnnna given x,V, find xL, xS ond zlam=liquid fraction:
Cvne TA,TB from phase diogrom {instead of 1218.4 and 1685)
TA = 1211.45
TB = 1687.15

Te = {T ~ TA)/(TB - TA)
it{ T .gt. TA ) goto 200
xL = @,
xS = @,
ziom = 8.
gote 566
220 if(T .1t. T8 ) gote 30@
xL =1,
xS = 1,
zlam = 1,
goto 500
o continue
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v xL,xS from fitting the phose diagram (in degC)
s to within .5%X and .9% max relative error.
xL = TB*E.245374+T0¢(.61952+Te-(——.e848+T0¢.221)))
xS = TO«(.832754T0»(~.98298+T0+.50498) }4+1.2199«10g(1+T0}
ziam = (xS ~ x}/{xS ~ xL)
500 return
end
¢
subroutine ENTHALS(x,T,h
Covinnnn -..given x,T, find h{x,T) (cal/mel) for Solid alloy:
omegaS = 1553.5373
TO =T * 1.e-3
Corinnnan reference enthalpies of Solid A=Ge and B=Si :
hOSA = —160@.6754+5160 . xTR+70¢ . »THTS
h@SE = —2863.69+5720.»T0+295.«TA+T04+99./T@
xA = 1.,-x
h = xA+(h9SA + omegaSexsx) + xs{h@SB + omegaSsxAsxA)
return
end
¢

subroutine ENTHALL(x,T,h

..... given x,T, find h(x.T; (cat/mol) for Liquid alloy :

omegal = 836.52
10 =7 & 1.0-3

........ reference anthalpies of Liquid A=Ge and B=Si

h2LA = §431.897 + 6600.x T@

he1B = 18258.635 + 6120. » Te

xA = 1.-x

h = xA*(hOLA + omegalexsx) + x+«(h@LB +omegolexA=xA)
return

end

subroutine ENTHALm{x,T,xL,xS,ziam, h)

.......... find h(x,T) (eal/moil) for mushy affoy :
call ENTHALL(xL,T.hUL
call ENTHALS(xS,T,hS
h = zlamehl + {1.~zlem)+hS

return
end
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