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In  order to explain some discrepancies between the 
theoretical predictions and the experimental data for the 
thermodynamic properties of substi tutional B 2 phases, 
Chant's theoretical model is extended by including the in- 
fluence of second-nearest neighbor interactions. For this 
purpose a new parameter ~ is introduced which is defined as 
the ratio of the interchange energies between second-nearest 
and first-nearest neighbors. Theoretical equations are derived 
for the compositional dependence of the activity and the 
partial molar enthalpy. Using literature data, the following 
phases are re-evaluated in terms of the disorder parameter 

and the newly introduced parameter ~: ~'-AuZn, ~'-AuCd, 
~'-AgMg, and ~'-NiZn. Very good agreement is found between 
the theoretical curves and the experimental data for the 
four systems. The values of ~ obtained range from 0.0 for 
~'-NiZn to 0.5 for ~'-AuZn. The inclusion of second-nearest 
neighbor interactions has little influence on the values of ~. 
I t  is shown that  the behavior of the activity curve in ~'-AuZn 
can be explained in a physically more meaningful way by in- 
eluding interactions between all second-nearest neighbors 
rather than interactions between gold substitutional defects 
only, as was done by Libowitz. 

1. I n t r o d u c t i o n  

I n  a series of publicat ions,  Chang and  co-workers 1-6 have developed 
theoretical  expressions for the the rmodynamic  properties of ordered 
intermetMlie phases exhibi t ing the B 2 ,  L 10, and L 1~ structures.  

* Auf Karenz-Urlaub yore Ins t i tu t  fiir Anorganische Chemie der Uni- 
versitgt Wien, 0sterreich. 
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These theoretical equations were compared with experimental data  
for a large number of intermetallic phases l - n ;  satisfactory agree- 
ment was obtained ~or most of the  alloy phases with the notable ex- 
ception of ~'-AuZn, which exhibits the B 2 structure with substitutional 
defects. In  this case, significant discrepancies between the theoretical 
activity curve and the experimental data were observed for even 
moderate deviations from stoichiometry. In  the development of their 
theoretical model for B 2 phases, Chang and co-workers considered 
only first nearest neighbor interactions, and it appears quite possible 
tha t  the discrepancies in the case of ~'-AuZn may  be due to the neglect 
of the interactions between second-nearest neighbors. The objective 
of the present study is to derive theoretical equations for the thermo- 
dynamic properties of substitutional B 2 phases considering both 
first-nearest and second-nearest neighbor interactions, and to test 
their validity with available experimental data. 

2. T h e o r e t i c a l  D e v e l o p m e n t  

2.1. Integral Enthalpy 

A crystal lattice of the B 2-type can be divided into two simple 
cubic sublattices which may  be called the ~- and the ~-sublattice; 
in the perfect crystal, the A atoms occupy the ~-sites and the B atoms 
the ~-sites. Considering substitutional defects, the contributions of 
first-nearest and second-nearest neighbor interactions yield the follow- 
ing express:on for the integral enthalpy: 

H ~ [nA(c~)B([3) -~- nA(~)B(c~)] HAB 4-, nA(~)A(~)HAA ~- nB(~)B([~)HBB -~ 

-~ [nA(~)B(~) -]- hA(13) B(~ )] f-lAB -{- [nA(~)A(~) -~- %A(~)A(~,)] HAA -~- 

+ [nB(~) B(c0 "~ nB(~) B(~)] HBB" (l) 

In  Eq. (1), H~j. is the interaction enthalpy for a pair of atoms i-j at 
a distance of 0.866a (first-nearest neighbors) and H't j  tha t  for a pair 
i j  at  a distance of a (second-nearest neighbors) where a is the lattice 
parameter;  nt(~)j(~) is the number of pairs of atoms i-j; the Greek 
letters in parentheses indicate the sublattice, on which the correspond- 
ing atoms are located. As in the previous work 1-~ the degree of dis- 
order z, at any composition X, is defined as: 

where N~ is the number of A atoms on the ~-sublattice, N is the total 
number of atoms, and X ---- xB - -  0.5, with x B being the a tom fraction 
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of B in the alloy. The value of z for Z = 0, i.e. at  the stoichiomctric 
composition, is defined as the disorder parameter  e: 

--- \N ]~=0 = \N l~=0'  

where N~ is the number  of B atoms on the ~-sublattice. 

T~bte 1. Atomic Distributions on the ~- and ~-Sublattices /or B 2 Phases 
wi~h Substitutional De]ect8 

Total Atoms ~*Sublattice ~-Sublattice 
No. of Sites N 25/2 N/2 

x:~O 
Aatoms 25A = ( � 8 9  25~ = ( � 8 9  

Batoms N B = ( � 8 9  N 2 5 ~ = ( X + z ) N  

25~ = zN  

N~ = (�89 

X = 0  
A atoms NA = N/2 N ]  = ( � 8 9  ~)25 25~ = ~25 

B atoms NB = N/2 N 5  = ~N 25~ = ( ~ - -  ~)25 

Expressing the numbers of the different interactions ia terms 
of X and z on the basis of the atomic distribution on the two sublattices 
(see Table 1) and the coordination numbers for first- and second- 
nearest neighbors, which are eight and six, resp., Eq. (1) becomes: 

N 
H = ~-  {8 [(2z 2 + 2Zz - - z )  4VAs - - ( 2 z  2 + 2 Z z - - z  + X ~) 3 V'AB] + 

+ 4 (2 - - 4 X ) H A S  + 1 2 x g ] s  + 3 (1 - -4X)  H]A + (4) 

+ 16xHBB + 3HBB}- 

VAS and VkB are the interchange energies between first- and second- 
nearest neighbors, resp. : 

VAB = HAS - -  ~ (HAA + HBs) ,  

1 (H;., + ~;~s). V;,B = HkB--  

(Sa) 

(5b) 
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By introducing a new parameter ~, defined as: 

V~,s -- (6) 
VAB 

Eq. (4) can be written as 

= N{8[(2 z2 -~- 2XZ--Z ) (4--3~) VAB-- 3 ~ X 2 VAB ] -~- H 

~-4(2--4z)  HAB+12)~ H'AB ~-3(1--4z)H'AA-f- (7) 

+ 16 X HBB -~ 3 HBB }. 

2.2. Integral Entropy 

Since the consideration of interactions between second-nearest 
neighbors does not change the expression for the integral configura- 
tional entropy So, Eq. (21) in Ref. 5 derived for B 2 phases with sub- 
stitutional defects can be taken directly: 

1 
Sc : - - 2 R  [2zln (2z) ~ ( 1 - - 2 z ) l n ( 1 - - 2 z )  + 2 ( Z  -~z)ln2(z +z)  

~- (1 - -  2 Z - -  2 z) In (1 - -  2 Z - -  2 z)] .  (8) 

As before, all other contributions to the entropy are assumed to be 
composition independent. 

2.3. General Equations/or the Activities and the Partial Molar Enthalpies 

From the expressions for the integral quantities [Eqs. (7) and (8)] 
the equations for the compositional dependence of the partial molar 
quantities can be derived by following the method used previously 
by Chang 5. For the activities one obtains: 

( a t )  ~(~0 ~ ) +  l ln  r  In 
= 2 r +0 

(9) 
In (1 - -2~( - -2z)  ] 3~ 

--z~ 2 ~ ( z - - g ) - -  (1 --2~)fZ-~-z)J + 4 - - 3 ~  - ~ Z ( Z + 2 z ~ ) '  

and for the partial molar enthalpies : 

RT  ----- ~ 2(z 2 - ~ 2 ) - ( z - ~ ) q -  ~ Z r  
(~o) 

r 
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Fig. 1. Activity of the component B as a function of composition for 
= 1 • 10 -3 and different H-values between 0.0 and 1.0 according to Eq. (9) 

where 
2 2~ 

(11) 1 - - 4 ~  In 1 - - 2 ~ '  

r  and r = 1 - - 4 ~ ;  (12) 

= 4 z ( x  ~-z) and ~o =4~.~. (13) 

For i = l  (component A) zi = ~- �89 and for i = 2  (component B) 

~i = -  ~ ;  ai, 0 and A Hi, 0 are the activity and the partial molar 
enthalpy of the component i at the stoichiometrie composition. As 
can be seen, for ~ = 0, i.e., if the interactions between second-nearest 
neighbors are neglected, Eqs. (9) and (10) reduce to Eqs. (71) and 
(85b) by Changq resp. 
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Figs.  1 and  2 show the  curves for the  ac t i v i t y  and  the  pa r t i a l  molar  
e n t h a l p y  of component  B as a funct ion of X for ~ ~ 1 • 10 - s  a t  diL 
ferent  H-values be tween  0.0 and  1.0; t h e y  were ca lcu la ted  from Eqs.  (9) 
and  (10). The influence of the  pa rame te r s  ~ and  ~ on these curves 
can be dis t inguished ve ry  c lear ly:  the  shape of the  curves near  the  
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Fig. 2. Par t ia l  molar enthalpy of the component B as a function of com- 
position for ~ = 1 • 10 -8 and different B-values between 0.0 and 1.0 ac- 

cording to Eq. (10) 

s to ichiometr ic  composi t ion  is de te rmined  main ly  b y  ~, whereas  the i r  
slope a t  larger  devia t ions  f rom s to ich iomet ry  is control led  b y  ~. 

2.4. Simplified Equations/or the Activities and the Partial Molar Enthalpies 

The expressions for the  act ivi t ies  a a d  the  pa r t i a l  molar  enthalpies  
can be s implif ied considerably.  Similar  to  the  manner  de mons t r a t e d  
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by Neumann et al. ~ for phases with the triple-defect B 2 structure, 
one can neglect the terms z ~ and Z z compared to z in the equation 
for the integral enthalpy, Eq. (7): 

= 2 N-- [8(4 - -  3~) ( - - z )  VAB - -  24"~ Z 2 VAB + 4 (2 - - d z )  HAB + H 

@ 12 ZHAB @ 3 ( 1 - - d x )  HAA + 16xHBn @ 3H~B ] . (14) 

By combining Eqs. (14) and (8), an expression for the free enthalpy G 
can be obtained; minimization of the free enthalpy with respect to z 
yields : 

4z (z § ))  
4 N ( I - - 3 " ~ ) V A B = R T l n ( I _ _ 2 z ) [ I _ _ 2 ( X + z ) ] .  (15) 

For Z = 0 (z = co), this expression reduces to: 

4~ 2 
4N (4 --3~}) VAB = R T l n  (1 - - 2 ~ )  2" (16) 

By equating the right-hand sides of (15) and (16) one obtains a rela- 
tionship between z, Z, and ~ which is a simplified form of Eq. (28) by 
Chang 5 : 

z (z + Z) ~ 
(17) 

( 1 - - 2 z )  [ 1 - - 2  (Z + z)] ( 1 - - 2 ~ )  2 

For small concentrations of substitutional defects, i.e. z ~ 1, (z-~ 
-~ Z) ~ 1, and g ~ 1, Eq. (17) can be simplified: 

z (z + Z) = ~2 (18a) 
o r  

Z l / ~  + 4e~ (18b) z - -  q- 
2 2 

Eq. (18a) represents the ideal mass action law for the formation of 
substitutional defects. On the other hand, it is identical with the so 
called "0ne-and-Half  Approximation" obtained by Chang and co- 
workers 1-5 from the condition ~ = ~0 [see Eq. (13)]. 

The application of the well known relationships between integral 
and partial molar quantities in combination with Eqs. (17) and (18) 
leads to simplified expressions for the thermodynamic activities and 
the partial molar enthalpies. For the activities one can derive: 

In a ~ = z ~ l n Z ( 1 - - 2 ~ )  @ 3 ~ - - Z ( Z - ~ 2 e d 2 1 n 2 ~  , (19) 
ai, o :r (1 - -  2z) 4 - -  3~1 

where the factor 2 In 2 ~ is obtained by simplification of the term 



1478 I1. I p s e r  eg al. : 

In [4 ~2/(1 - -  2 ~.)2] for ~ ~< 1. Eq. (19) is equivalent to Chant's "One- 
and-Half Approximation" for the activities, when ~) = 0. 

On the other hand, for ~ = 0, ( 1 - - 2  z) ~ 1, and ( 1 - - 2  g) ~ 1, 
Eq. (19) reduces to: 

In a~ ~ z ,  ln_Z. (20) 
ai ,  0 0~ 

The similarity between (20) and the so-called "Approximation I I "  
of Neumann et al. for triple-defect B 2 phases is evident [Eqs. (15) 
and (16) in Ref. 6]. 

For the partial molar enthalpies the following equation is obtained: 

A / t ~ - - A / / t ' ~  2 ~ - -  - - - -  (X-~2z~) ln2e .  (21) 
R T  = 2zz~ Z + 4 - - 3 ~  2Z 

Eor ~ = 0 Eqs. (21) is identical with Chant's "One-and-Half Approxi- 
mation" for the partial molar enthalpies 5, if ~, which is defined in 
Eq. (11), is replaced by its simplified form 2 In 2 ~. 

For reasonably small ~-valnes (~ < 1 • 10-2) ,  the curves cal- 
culated from the simplified equations (19) and (21) for the activities 
and the partial molar enthalpies, resp., agree well with those calculated 
from the eorresporlding general equations (9) and (10). 

3. C o m p a r i s o n  w i t h  E x p e r i m e n t a l  D a t a  

Using the experimental data reported in the literature, the fol- 
lowing intermetallie phases with substitutional B 2 structure were 
evaluated with respect to ~ and ~ : ~'-AuZn is, ~'-AuCd ~a, i4, ~,_AgMgiS, 
and ~'-NiZn% s. In the ease of ~'-AnCd and ~'-NiZn, the data from 
two different studies were combined for the evaluation. Although 
the general equations (9) and (10) were used for the determination of 
the parameters ~ and ~, the approximations given by Eqs. (19) and 
(21) yield virtually the same results except for ~'-AgMg, which exhibits 
a rather high degree of disorder (~ = 2.5 • 10-2). The evaluation 
is demonstrated for ~'-AuZn, where the discrepancies between the 
theoretical curve and experimental activities at larger deviations from 
stoiehiometry had been found to be the most significant. Fig. 3 shows 
the zinc-activities by Pemsler and Rapperport i~ together with the 
curve calculated from Eq. (9) with ~ = 1.1 • 10 -3 and ~ = 0.5; also 
shown in the figure is the curve previously calculated by Kou and 
Chang 9 with c~ = 7 •  -4 , assuming ~ = 0 .  I t  can be seen dearly 
that  the agreement is much better when interactions between second- 
nearest neighbors are taken into account. In Fig. 4 the experimental 

A Hzn-data for ~'-AuZn by Pemsler and Rapperport i2 are compared 
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with the theoretical curve calculated from Eq. (10) using the values 
for g and ~ found from the act ivi ty curve. Although the partial molar 
enthMpies obtained from activity measurements as ~ function of tem- 
perature are generally less reliable than the activities themselves, 
the agreement between theory and experiment is also quite good. 

-2 

P%~uZn 
J.n az.,o :-4.82 , . ~  ....~ 
a :0.0011 ~ ' 

-3 -r/=0.5 / 

-4  - -  Eq (9) ~ r  

.m KOU or~d Chang 9 
( a = 0.00 

~-5 

- 6  

- 7  

- 9  I ~ [ r I I I [ , I ~ , I p , , , t , 
-030 -0.05 0 Q05 

X 

Fig. 3. Activity of zinc in ~'-AuZn at 700 K; ~) = experimental data by 
Pemsler a n d  Rapperport 1~ 

The g- and 7kvalues obtained from the evaluation of the four phases 
with substitutional ]3 2 structure are summarized in Table 2 together 
with the temperatures for which the evaluations were carried out. 
I t  is believed tha t  the ~-values given are accurate within :t: 0.1, although 
the scatter of the experimental data  for activities and partial molar 
enthMpies is in most systems quite large with respect to the refinement 
of the theoretical model. Table 2 contains furthermore the enthMpies 
of formation of the phases referred to the solid elements as standard 
state, the ~-vMues determined previously by  Chang and CO- 

M:onatshefte ffir Chemic, Bd. 10716 94 
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workers 1, 5, s ,  9 neglecting second-nearest neighbor interactions and 
those reported by Libowitz  17. 

As pointed out before, the shape of the activity curves near the 
stoichiometric composition is mainly determined by the disorder para- 
meter ~, a~d it is little affected by the introduction of second-nearest 

Fig. 4. 
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neighbor interactions. Consequently, there is only a slight difference 
between the disorder parameters calculated with or without second- 
nearest neighbor interactions. 

4. R e l a t i o n s h i p  B e t w e e n  t h e  M o d e l  P a r a m e t e r s  
a n d  t h e  E n t h a l p y  of F o r m a t i o n  

The relationship between the enthalpy of formation A H~ and 
the disorder parameter ~ for B 2 phases has recently been discussed 
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by  the authors is. The following expression was obtained for phases 
exhibiting substitutional defects: 

A H  I 1 
R T  --  2 In (2~), (22) 

AH~ 
which indicates a linear relationship between ~ -  and in ~. How- 

ever, the experimental values O f ~ T  are generally more negative 

than those calculated from Eq. (22); T is the temperature at which 

I I I L I I I 

/ 

-T: -- AuCd 0 ~ -  
/ 

~ OAuZn 

~,l~ -2 AgMgO O~NJ.Zrt 

-I - ~ - - ~ q ( 2 4 )  

_ / I  I I I I I I 0 -2 -4- -6 -S 
In a T 

Fig. 5. Relationship between A Hf, ~ and ~ for B 2 phases with substi- 
tutional defects 

was determined. I t  appears tha t  at least part  of this systematic 
deviation can be explained as a consequence of the neglect of second- 
nearest neighbor interactions. For small values of ~., Eq. (16) can be 
simplified : 

4N(4- -3~ )  VAB ~--2RTln(2~). (23) 

If  furthermore the term 4 N VAn is identified with the enthalpy of 
formation A Hf, neglecting the difference in the crystal structures of 
the component elements for the sake of simplicity, one can write 
Eq. (23) as: 

A H , (  3 )  1 
1 - - 4 ~  = ~ln(2~). (24) 

This relationship reduces to Eq. (22) for ~ = 0. Fig. 5 shows a corn- 
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parison between the curve calculated from Eq. (24) and the experi- 
mental  data for A Hf, ~, and "r~ from Table 2; as can be seen, the agree- 
ment is good and no systematic deviations are observed as it was the 
ease for Eq. (22). 

In  addition, the authors also have presented a relationship between 
the enthalpy of formation of substitutional B 2 phases and their 
critical order-disorder temperature Tc at  the stoichiometric composi- 
tion is : 

A H I 
R --  To, (25) 

where Tc can either be determined experimentally or calculated by 
means of Eqs. (4) or (5) in Ref. is. This relationship corresponds to 
the well known Bragg-Will iams expression. While the trend of the 
data was in general agreement with Eq. (25), a systematic deviation 
was observed. In  fact the data were found to agree better with a rela- 
tionship derived by means of the Monte Carlo technique: 

A H f  4 T 
R = 3 c. (26) 

On the other hand, the inclusion of second-nearest neighbor inter- 
actions in the present work results in the following relationship: 

A H  I _ 4 Tc  . (27) 
R 4 - - 3 ~  

A comparison of (26) and (27) shows that  the two expressions are 
identical for a value of ~ ~ 0.33; for ~] = 0, i.e., neglecting the effect 
of second-nearest neighbors, (27) reduces to (25). 

5. D i s c u s s i o n  

Libowitz and Lightstone 19-22 have derived theoretical equations 
to describe the concentration dependence of the activities in ordered 
phases. Applying these equations, Libowitz 17 evaluated a number 
of B 2 phases, among" them ~'-AuZn, ~'-AuCd, and ~'-AgMg, which 
were also investigated here. His intrinsic defect concentrations, con- 
verted into the disorder parameter  ~, are listed in Table 2; the agree- 
ment  with the values of v, obtained in the present work is quite satis- 
factory. Interestingly, in the ease of ~'-AnZn, where Chang's original 
model 5 failed for even moderate deviations from stoichiometry, Libo- 

witz had to assume interactions between defects on the gold-rich side 
of the homogeneity range, in order to obtain good agreement between his 
theoretical activity curve and the experimental data  by Pemsler and 
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Rapperport 12. However, the interactions between gold substitutional 
defects represent only par t  of all second-nearest neighbor interactions. 
I t  seems likely tha t  the interaction energies for all possible pairs of 
second-nearest neighbors are of the same order of magnitude, so that,  
because of the small number of pairs of substitutional gold defects, 
their total contribution to the integral energy should be rather small. 
Therefore, it appears to be more reasonable to take all second-nearest 
neighbor interactions into account in the derivation of the theoretical 
equations, as was done in the present work. 

Furthermore, Libowitz reported a discrepancy between the theoretical 
curve and the experimental data on the zinc-rich side of ~'-AuZn, 
attr ibuting it to possible ordering or clustering of defects. The inclusion 
of second-nearest neighbor interactions over the whole range of homo- 
geneity results in an activity curve which describes the experimental 
data equally well on both sides of the stoichiometrie composition with- 
out resorting to additional assumptions, as can be seen in Fig. 3. 

When converting Libowitz's notation to the one used here, namely, 
n~u (zn) = 2 z, it can be shown from a comparison of his modified 
activity equation [Eq. (23) in Ref. 17] and Eq. (19) tha t  his defect- 
interaction energy ~Au (Zn) is equivalent to the term - -  ~ ~ A Hr. 
The value of ~Au (zn )~  8 .8kJ /g-a tom reported by  Libowitz 17 is in 
reasonable agreement with the value of - -  ~ ~ A H j  ----- 6.5 kJ /g-a tom 
obtained in the present work. 

Recently, Inden 2~ estimated the hypothetical disorder temperature 
for ~'-AuZn. Using this temperature and the known enthalpy of forma- 
tion, the values for the interchange energies between first- and second- 
nearest neighbors were deduced; the ratio yields ~ ~ 0.55 which com- 
pares well with the value 0.5 given in Table 2. 

While no quantitative explanation can be given for the rather 
significant variation of the parameter  ~ for the different substitutional 
B 2 phases, there are indications tha t  it might be related to the dif- 
ference in their ionic character. For instance, ~'-AuZn which has the 
highest ~-value is characterized by the largest electronegativity dif- 
ference between the elements (using the Pauling-type eleetronegativity 
values from Allred 2~ as an approximation), and it also has the most 
negative enthalpy of formation. On the other hand, ~'-NiZn with 

= 0 exhibits one of the smallest electronegativity differences as well 
as one of the smallest enthalpies of formation. 
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