Thermodynamic Properties of

Alloy Systems—A Model Approach

7.1 INTRODUCTION

very fow liquid or selid binary systems behave i an ideal fashion, One
renerally observes that the heat of mixing A/f, % 0 and often the entropy
of mixing AS # 0, In addition, the curve of AH, versus mole fraction is
often mot symmetric about the value X' = X, = 0.5, Some thermodynamic
results for alloy systems are shown in Figs, 7.1, 7.2, and 7.3, which illustrate
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Fig, 7.1 Expenmental values of the heat of mixing and free energy of mixing i the Au=Ni

svilemn. From B L. Averbach et al., Acra Mer, 2, 92 (1954).

avanety of behavior. From a fundamental point of view, the thermodynamic
Peliavior of alloy systems is very difficult to caleulate in practice although
the general principles may be rather well understood. In forming an alloy
fram the pure elements one mixes ions of the solute element with ions of
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Fig. 7.2 Free energy of mixing, heat of mixing, and entropy of’ mixing in the Ni-Ft
syslem at 1625°K, Broken curve represents ideal entropy of formation, From R, A
Walker and J. B. Darby, Acta M., 18, 1261 (1970},

selvent. In calculating thermodynamic quantitics one should consider the
repulsion belween ion cores, the interaction belween cores and clectrons at
the Fermi surfuce, as well as other cflects. Significant steps are bemg made
in caleulation of thermodynamic properties from first principles for some
simple alloy systems but as yet no general, casy 1o apply procedure is avaifuble
As a conscquence, one devises various types of models which are useful in
providing some understanding of ailoy behavior as well as in correlating
this behavior with ether propertics, A usctul model approach is to assume
that one may treat the interaction between tons i a solute by a pairwise
model. That is, the properties of a system may be represented by the sum of
interactions between neighboring pairs of ions and any complications due
to threc-body interactions, for example, may be ignored. Some justification
for the validity of this approach is obtained from application of pscudo-
potential theory.
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lfig.l';‘.:s_ l;]"hcrnmdynamic functions in the Cu-Pd system at 1000°K. Based on Hultgren
o al,, Selected Viltues of The : i crties il Al [ A
Vo e es of wermodynamic Propertivs of Metals and Allayy, Wiley, MNew

According to this pair potential or quasichenical model, in view of th
fact that the enthalpy of interaction of solute-solvent pairs i,s different 1 .
so'lv?enF solvent and solute-solute pairs, a type of ordering will occur w.ll:'m:1
minnnizes the (ree encrgy of the system. There will be a trade-ofl lheref;lf: ]
between the entropy which has a maxinmum value for complele r;mdom o
avlnd the cnthalpy whicl will have a minimum value for an ardered s sir:r::;S
l_'ur some systems. particularly those that invelve transition mc/ta!s: yothu:
lactors due to magnetic and clectronic effeets must be considered ’

In order to illustrate the pair potential approach consider an alllo ¢ which
tontains N, atoms of type A and &, atoms of type B, There will ge threc
types of interactions to consider, namely, A-A, A-B, and B-B. Fach o}

these will be considered 1o have associated with |t g mean potential A
Ay
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£ e, and 20y, rospectively. The mean polclnlinlurq}:rs Lo Athc. p(?l?ntjal
between paivs in the close-packed array inselution. 1 his [zolcnl\;.al is dl.ﬂcrtnl
from that for two atoms, say, in a diatomic molecuic. [here is in fact ne
anigue potential between a given A and B3 atom, bul rather the value de‘pcnq\sl
upon the environment. Parentheses will be employcd (‘H A wh(.:n thc tota
of A-B and B -A pairs is implied. Ina sohmon‘ which contains WV 1ons,
there will be £, pairs of type A A Py p;sirs o.l Lype ‘/'\ B and £y pais
of type B 3. Thus the enthalpy of the solution will be given by

= P.\.s”.\.\ + P{.\li)[-j‘\li + leme (_H\'

The next step is to evaluate Py Pig. and 2 Before attempling this,

the treatment may be simplified by climination ol £y, and f’y_m as Iol]nwf.
The crystal contains N atoms of type A and cach one c?f these has 7
neighbors where Z is the coordinidtion numb?r. l:ach‘ A-B pair _coma:mf.]o?c
jon ol type A, whercas cach A=A bond contains two tons ol type Al .[ urt ‘u.r,
cach ion is sharcd among Z bonds; thus the number of 10ns of typu{\
involved in A-B pairs is PianlZ and the number in type A-A pairs i

2P, 7. Since there arc AN atoms of type A,

v o P 2P0 (1.2)
A -~
. 2 7
Similarly for type B ions
Jl-'\ ] 2PII]| 7 1)
Ny=—"+"—" (7.
z Z

ssed ; / i,.and #, and
Thus Py + 7y can be expressed in terms of Poape My Ay and £

substituting into equation 7.1

H = :lzZN.\”.\A\ + 'fch“VnHlm + P(AH) [an — 1-'(”,\.\ + )] (7-4)

We are interested in knowing the heat of mixing, Alf,. This is given by
the reaction

N dons ol type Als) Ny, dons of type B(s)
— (N, 4 Ny)iens in solation AT,
and
Al = H — H. (N, fous of type A, pure) — fI(Ny; fons ol wype B, pure)

Alf, = {1 — enthalpy of pure A — enthalpy of pure B {19

"
The enthalpics of pure clement A and pure clement 8 are given by 144 !rl'\-‘,\\
and 17,04, respectively. 2 and Z,, are the c;onrdmalnon ITmnb‘cr_ 0 1n
pure clements, respectively. and 1, and 1{',”; z';rc. ll\g_ ;1pp:(')pr.mtu |]:M:
potentials. For the wike of ilfustration consider 7, = 7y = 7 and let o
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make the assumption that M, fy,, and /{; are independent of con-
centratien. Thus {4y, in this crude approximation is the same in pure B
as when 3 is a ditute sotute in AL This would have only approximate validity
when A and B are closely reluted chemically. 1f these assumplions are made
we find that

A'{[:w = ‘“{,\H}[H,\lc - -l(H,\.\ + Hlm)] (7-6)
A quantity L2 is defined as
Q= N[y — Mo+ H)) (7.7)

12 APPLICATION TO IDEAL AND REGULAR SOLUTIONS

For an ideal solution AH,, = 0 therefore from cqualion 7.7
Q=0 and H,y=i(fH,s+ Hyp)

We see that a solution will behave ideally if the enthalpy between unlike
pairs is the arithmetic average of the enthalpies between like pairs.

{n the case of 4 regular solution it will be recalled that A, # 0 but
AS,™ = 0. This latter restriction implies that the vibrational entropy of
clements remains unchanged upon transferring from the pure state to the
solution and further that the mixing is completely random. As a result,
Prapy can be readily cvaluated from simple statistical considerations. Let
i consider a gram-atom of altoy. Thus (¥, + N,;) = Ny and X, = N, /N,
and X, = N/N, The probability that an ion of type A will be on a given
site s X, The probability that anijon of type B will be on a particular nearest
neizhbor site is X'y and the probability that both will be on their respective
sites simullancously is X, Xy, Similarly, the probability that an atom of
type B will be on the former site is X, and the probuability that an atom of
type A will be on the latter site is X,. The probability that they will be on
their respective sites simultancously is again Xy, X,. As a result the prob-
ability that 1wo sites will be occupicd by unlike atoms will be the sum, or
X, X, The total number of pairsin the erystal is $ZN,, therefore the number
of A-B puirs will ke equal to the total number of pairs muliiplicd by the
probability that o pair will be of the A- I3 type. Thus

Pramy = 28,0 WAN, = X\ V2N, (7.8)
We find therelere that the heat of mixing is
AL, = X\ X0 (7.9)

Since L1 s independent of composition according to the veroth order
approximation, A is a parabolic function of compesition.
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Il there is an attractive teraction between unlike lons the A B pair
enthulpy will be more nepative than the A A pair enthalpy or I B puir

enthalpy, and hence £2 will be negalive tn sign, yielding o negative value of

the heat of nmixing, Conversely if there is a repufsive interaction belween
unlike atoms, £ will be positive and A will also be positive,

L strong altvaclive iteraction between unlike atoms exists, N can
be made more negative by having short-range order in the solution, which
means mcreasing Py over the rapdom value. This will tend 1o make the
free cnergy of the solution more negative through reduciion of the AN
term. On the other hund, hewever, the mixing entrepy will decrease. since
A7, the number of ways of arranging atoms on the lattice, is less and thus
increases the frec energy. {This will be discussed maore fuliy in a later scetion.)
An optimum value of shorr-range order will be atlained, reffecting o balance
between AJf and the 77AS,, contribution. In the case of a repuisive inter-
action, Aff,, coukl be reduced by promoting clustering of like atoms or
decreasing Py, compured with the random value. This, also, will resuft in
adecrease in A7, the number ol ways of arranging atoms on the lattice, and
hence o decrease in AS, Again an optimum degree of claviering will resull,
reflecting a balance hetween Af/, and AS,, in order to minimize A, The
systent can achieve & maximum AS,, and heonce & maximum 77AS con-
tribution to AG, by the destruction of order, but at the expense of the AH,
tern, which would be minimum for an ordered system. Beciuse in the
expression

AG,, = All, — TAS,

the AS,, term is multiplied by 7, the 7'AS,, term will be more important
at clevated temperatures. As a result the degree of ardering ov clustering in
a system will decrease as the temperature is elevated.

Irom this discussion it it evident that « regular solution for which
AS ¥ =0 will be found only at clevated temperatures in systems where
L2 s a small quantity.

We may find A7, and Afly,, the relative partial molal enthalpies for a

regular solution, from cquation 7.9 by use of relations derived in Chapter &

A, =11, =AM, = (1 — X ) (7.10)
., —H, =0, =0 - X, rQ (7.11)
Since AS* = 0,
S, =S, =A8, = —RlnXx,
S, — 8, =A8, = —Rlnx,

Using the relation
AG, = A, — TAS,

7.2
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we Tind that - .
AU, = (] — X)) + RTIn Ny =RTIna,
AG, = (1 — Y50 ++ RT'In Xy = RTIna,
We sce that
In p, b sl
A R (7.12)
s — (J__-— X0
Y= T (7.13)

Thu's for a regular solution, the activity coeflicient is strongly related to
the interaction parameter, 2. As will be shown later, y,
solution is also a function of AS*,

When the interaction between unlike atoms is altractive, £ s negative
and henee oy, is negaiive and y, < i, giving negative deviation fron;
Raqu]}'s ]le. Conversely, when Q is positive, », > 1, giving positive
deviation !rom Raoult’s law, In Fig. 7.4 arc shown valucs of AG,, at 10CO°K,,
as a I"‘unc.lmn of composition for various values of Q. It is observed that the
{unction s symmelric about Xy = 1, = 0.5. In Fig. 7.5 are shown values of
@y as g function of composition, and € at 1000°K as calculated from Fig.
74. From the cquations derived, it may seen that Henry's law is only an

for a nonregular
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big. 7.4 ‘ l{uzft of mixing us a funclion of composition for a regular solulion for various
satues of L From Q. J. Kleppa, in Liguid Metals and Solidification, ASM, Cleveland, 1958.



