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Abstract

- The observed free energy of mixing of MgZn hquid alloy is discussed on the complex formation model The results for long-

wavelength concentration-concentration fluctuations S, (1), electrical resistivity and thermodynamic activity are presented as a function of concentration

5.(0) has been further used to obtain the chemical short range order parameter o,

ransformation occurs in the MgZn liqud alloy at around 30 at % of Zn

Values of §..(0) and «, suggest that segregation-order
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1. Introduction

It is fairly well known that the stability of liquid alloys is
dependent on the interactions among the component atoms of
the alloy [1, 2]. Liquid alloys may be considered from two extreme
points of view. One is the nearly free electron model and the
other is the complex forming model. Complex formation in the
liquid phase is a dynamical process characterized by a finitc life
time [3]. It is always accompanied by a large heat of mixing, but
this quantity does not always provide an accurate indication of
the stoichiometric composition. Of all concentration fluctuations
in the long wave length limit, the concentration-concentration
fluctuation, S¢(0), has emerged as onc of the most important
and powerful microscopic function to understand the nature of
interatomic interactions [4). It is thought that S {0) attains ideal
values, i.e. random mixing of free atoms in the glass forming
concentration range [5). This glass forming range usually lies
far away from stoichiometric composition [6].

Some Mg alloys are particularly interesting due to their glass
forming ability and zinc is present in many commercial Mg alloys.
Since the availability of Mg alloys enables the optimization of
the steps necessary for light alloys production and design [7],
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the study of the characteristics of alloys contaimng Mg is of
great importance. At 7= 923K, MgZn is similar in structure as
CaMg and CaMg is a good glass former. MgZn glass was the
first transition metal-frce metallic glass [8]. It has often been
obscrved that a good glass-forming ability is linked to a negative
temperature coefficient of the clectrical resistivity |9]. There cxists
aresistivity minima in MgZn alloy [ 10] at temperatures around
200-300K above the liquid temperature. MgZn is also an
intercsting and significant case for the study of local order and
other fundamental properties. Moreover, MgZn alloy gives clear
cvidence of chemical short-range order (CSRO) [11-13). The
results of extended X-ray absorption fine structurc
measurements [8] show the occurrence of CSRO both in liquid
and glassy alloys. The phase diagram of MgZn is a complicated
one [14, 15]. Besides a congruently melting phase MgZn,, there
exits a number of incongruently melting compounds Mg,Zn ,,
Mg,Zn, and MgZn and the high temperature phase Mg, Zn,,
(previously known as Mg, Zn,). We have assumed the complex
formation model (HA+VUB &> A, B, where y and v are
integers) for the study of the thermodynamic properties and
clectrical resistivity of MgZn. This assumption is being used
by various theoreticians [5, 6, 16-20] to investigate the alloying
behaviour of such type of binary alloys.
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In this paper, the calculated results of free energy of mixing,
activity, .~ (0), CSRO and electrical resistivity for MgZn liquid
alloy are presented.

2. Complex formation model

Letaliquid binary alloy containing in all, N, = C,N atoms A and
Ny = CgN atoms B, be assumed to consist of n, N free atoms of
A, n,N atoms of B and n,N complexes A, B, which also act as
independent scattering centers in the alloy. From the
conservation of atoms, therefore,

n=1-Cp~puny,
nz =CB—Un“ N
n=n+n,+n;. (H

Here, C, and C, are the concentrations of the first and second
species and N is Avogadro's number. The volume in which the
free atoms are randomly distributed can be expressed as

=90, ~nNQ2, . 9]

where £2,,, is the atomic volume of the alloy and £, the
volume of the complex

Q. =u, +v82,, 3)

£,,0, being the atomic volumes of the first and second
species ot the alloy, respectively.

The number of complexcs n, is obtained through the
condition

(acMJ o
o3 Jrpc @

where G, is the Gibb's energy of mixing and T"and P reprcsent
the temperature and pressure, respectively.

The conformal solution approximation [21] enables us to express
G, as

3
Gy =-ny g+RTY n(Inn ~Inm+y Y nnW,in, (5

i=1 1<

W(.,. are the interaction energies which are independent of
the concentration. g is the formation energy of the complex and
the term ( - n,g) lowers the free energy of the alloy due to the
formation of chemical compléxes and R is the gas constant. Egs.
(4) and (5) yield

(ntng )/(ri3n“*”")= exp(-g/RT)exp () +y,+y3). (6)
where

1 =W/ RD) [(u+ 0= (mmy 1 n® - pmy I n=vm In],
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y2 = (Wis/ RT) [(u+v=1)(nyny / n®) = pmy I+ ],

Y3 = (Wz_; / RT) [([1+1)-1)(n2n3 ,nz)—vn3 In +n2 /"]. (7)

The interaction energies W,.j and g are determined following
the works by Bhatia and Hargrove [22]. Once the energy
parameters are selected, these remain the same for all other
thermodynamic investigations. Eq. (6) is solved numerically (o
obtain the equilibrium value of n,, which in turn is used in (5) to
cvaluate G, as a function of concentration.

3. Freeenergy of mixing and thermodynamic activity

The first step is to consider the nature of the chemical complexes
(AuBv) AuBv which might exist in the liquid phase. The
phase diagram [ 15, 23] indicates that MgZn, is the most probable
intermetallic compound. Once the values of 4 and v are fixed,
then activity data are uscd to evaluate [24, 25] the values of

interaction energies (g and W,,). The energy parameters cvaluated
for MgZn are

g/ RT = +2.65,W,, | RT = 1-0004 - 004, W,, / RT = (.15,

Wy / RT =--050.

In the light of the complex formation encrgy, MgZn 1s u
weakly interacting system [2, 6, 22, 24] like AlCa, AIMg. MgSn.
AgAl and CuSn. Eq. (6) has been used to obtain equilibriun
values of n, and hence G, via eq. (5). The n,-C and G,—(
curves for MgZn are displayed in the upper and lower parts of
Figure 1 respectively. The maximum value of n; occurs at C,,, =
0.66. The computed values and observed values of G v [23] are
in rcasonable agreement. It may be obscrved that the variation
of free energy is not symmeitrical about C="%2

03I
T _n,
cﬂ
L
0.0 05 1o
Clh -
X
g7 — GM/RT (Th)
g x/ x-GM/RT (Ex)
i X
3 X

-0.14 L

Figure 1. Upper side : Number of complexes (n,) versus concentration of
Zn (C,). Lower side : Free energy of mixing (G,/RT) versus concentration
of Zn(C,).

Eq. (5) for the free energy of mixing can also be used t0
obtain an expression for the activity a, for the atom type A as
follows
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RTIna, =(@Gy /N )71 pn

(B=12Zn).
Egs. (5) and (8) yield

Ina, =l-n+In(n;/ny)+Inn+ny(W,,/ RT)

+ny(Wiy I RTY= Y. Y nn,W, I RT . ©

1<y

! In ay, has been computed through (9) as a function of
concentration. The computed values of activity of Mg in MgZn
alloy are given in Table 1 along with the experimental
observations [23]. Table 1 shows that theoretical and
experimental values are in reasonable agreement.

Table 1. Thermodynamic activity a,,, of MgZn liquid alloys at 923K.

o Calculated Observed [23)
h 0.1 0.007 0.015
0.2 0031 0053
0.3 0.119 0121
04 0.281 0217
0Ss 0452 0 336
0.6 0.604 0473
07 0731 0613
0.8 0.836 0 747
09 0922 0 866

4. Long-wavelength concentration correlation function and
chemical short-range order

The long-wavelength limit of the thrce correlation functions,
namely the concentration-concentration correlation functions
S¢c(0), the number-number correlation functions Sy,(0) and the
number-concentration correlation functions §,,.(0), have been
widely used to understand the stability [5, 6, 25, 26] of the binary
mixture. The experimental values of Scc(0) can readily be derived
from the thermodynamic functions.

Scc(0) = RT((?ZGM /aci)r .

=(1-Cy)ay(da, /0 Ca) 'rop
=CA aa(aaB/a(l—cA))_|T,P,N. (10)

Obviously Sc(0) can be obtained directly from the observed
activity data following the last two equalitics of (10) or may be
obtained theoretically with the help of (5) and (10)

3
Scc(0) =[2n{2 In;-n'%in +(2n/RT)ZZn{nj W,j/n2

-1

i=l i<j

an

where a prime denotes differentiation with respect to C, ,
n’=n{+ny+n;,
nj=1-unj,
ny =-=l-vnj,
ni=PlQ,
P=uln —v/ny—(u+v=11/n>)(n, —nW,, / RT

+(n3/ RT) (W3 = Wi3)) = (1 + 0IW;y + W3 =Wy, ) (1/nRT),
Q=((H+v=1 (¥ + ¥y + 33) + L OW;y — 1. Wy — 0. W)

2/nRTY+p? Iny + 0% /ny + 1/ ny—(u+v-12/n. (12)

The values of S..(0) computed for MgZn liquid alloy
following eq. (11) are shown in Figure 2. These are compared
with the values obtained directly from the obscrved activity
data [23] using the last two identities in (10) and with those
computed by Ramchandra Rao et al [26]. It is clear from Figure
2 that the values of S (0) obtaincd from activity data and
those by Rao et al are always lower than S () (Sc.(.“’(()) =
C,Cp). In contradiction of these two valucs, our computed
values of S {0) are higher than §_..“(0) upto C,, < 0.28. For
Czn 2028, S,.A0) is smaller than S_..//0). The segregation
(likc atoms pairing) is cxpected upto the region C,,, < 0.28 since
Scc(0)>S cc(0). After C,,=0.28, computed values of S, (0) <
S(.(."’(O) from which existence of chemical ordering leading to
complex formation (unlike atoms paring) is expected. It may be
secn from Figure 1 that the fraction of chemical complexes n, is
a maximum at CZ" = ().66 but a shoulder in SC(.(()) in Figure 2,
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Figure 2. Concentration fluctuations 1n the long-wavelength limit (S..(0))
and chemical short-range order (@, ) versus concentration of Zn(C,,).
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slightly shifts towards larger Zn content at C,, = 0.75. It is
because the position of the minimum in S_. (0) depends

collectively on u,v, g and le.

The non-resemblence of computed values of S, (0) with
those obtained directly from activity data, may be attributed to
the inaccuracies involved in the numerical differentiation of the
activity data, particularly at the two ends of C,,, . The activity of
one of the components becomes negligibly small at the either
end of the C,, scale, which creates problems in the numerical
differentiation.

The Warren-Cowley [27, 28] short-range order parameter @,
for MgZn liquid alloy has been computed to quantify the degree
of order. @, can be determined experimentally for S, (¢) and
Scc(g) but it is difficult to determine these parameters for all
kinds of binary alloys [25, 29, 30]. a; can be obtained
theoretically [5, 25] as

a,=(S-D/(S(Z-1)+1), (13)

S =8c.(0)/Scc (0, (14)

Z is the coordination number, which is taken as 12 for our
purpose. The computed values of &, computed through (13)
has been shown in Figure 2. The positive value of a, (&, >0)
upto C,, <0.3 refers to like atoms pairing and negative value of
a, (a, <0)for C,, > 0.3 refers to unlike atoms pairing as nearest
neighbours. The minimum value of @, occurs near C,, =0.7.

This indicates that Zn-rich end is more ordered than Mg-rich
end.

5. Electrical resistivity

We can express the electrical resistivity of a ternary mixture as
(18]

1
R=(127.025)/ (he’ V}) [d(q/ 2kf) (g1 2k’
0

,2,3
3 (XV2@) Si@+ 20X X )"V, @V, (@S;(@)- (15)

1<j

Here, V.is the Fermi velocity, £25 = £2/n the scattering volume
of the alloy in which free electrons travel, g the phonon wave
vector, V;(q) (i = 1,2) =W;(q)/ e *(q) are the screened form
factors of Mg, Zn and V,(q) is the screened form factor of the
complex MgZn,,. X, = n /n etc are the concentration functions
of different scattering centers. k. is the Feri wave vector.

In order to compute form factors of Mg and Zn, the Heine-
Abarenkov model potential
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4nZ, A A, . .
W.(q9) = qzﬂ' cos(qr,)- 2 (sin(qr,)

~q I, cos(q r,)) 16)

has been considered. Here r, is the model radius, A is the
well depth. € *(g) is the modified Hertree dielectric function
given by

eX(q)=1+(e(@)-1)(1-G(9)).

The Vashishta and Singwi [31] form of exchange G(q) has
been used for correlated motion of the conduction electrons.

0]

S,j(q) are the partial structure factors which have been
obtained following the work of Hoshino [32]. The hard sphere

diameters 0, ,0, occur as the important ingradients. Thosc
0, .0, have been taken which reproduce the first peak of

structure factor of pure liquid Mg and Zn at their respective
melting points. These diameters are taken as concentration —

independent. The hard sphere diameter of the complex o4 1s
taken as a parameter [ 18]. The scattering potential V,(g) for the
complex has becn estimated as [18]

- uVi(g)+vVy(q)
U+V ‘

Vi(q) (18)

since V(q) can not be obtained from first principle as the complex
has flexible structure.

The resistivity of MgZn liquid alloy calculated through (15)
has been depicted in Figurc 3 along with the experimental
observation by Walhout et al [33]. There is a fair agreement
between the theoretical and experimental values except for puic
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Figure 3. Electrical resistivity (R) versus concentration of Zn (C,)

Mg and Zn. To see the effect of @, the two values of resistivity
were calculated with 05 =0.1005 nm and 0 5 =0.1058 nm and
the results are shown in Figure 3. It is found that the rise in the
value of 0, not only increases the electrical resistivity of MgZn
liquid alloy, but the maximum shifts towards Mg rich end also
The maximum value of resistivity comes at stoichiometric
composition. The difference between observed and theoretical
resistivity of pure Mg and Zn may be due to the fact that we
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have not taken into consideration the non-local contribution in
the calculation of form factors. Also, Zn is the metal which gives
most trouble due to d-bonding. There is also a large mismatch at
mtermediate concentration. Specially, the experimental curve
shows no maximum as in the case of theoretical curve, but only
ashght hump. By considering the presence of another complex
Mg,Zn, along with MgZn, [14] in the intermetallic phase and a
phase shift expansion of form factor V(q) for Zn [34], the
mismatch between the computed and experimental values may.
be minimized.

6. Conclcusion

(a) In the concentration range 0<Zn< 028, the likel

i.e., Mg-Mg and Zn-Zn atoms arc pairing as nearest
neighbours.

(b) BothS.0) and @, suggest that segregation-order
transformation occurs around 30 at % of Zn. Thus,
MgZn liquid alloy is a glass former for a certain range
of composition.

(©)  ScA0) exhibits only a weak deepening around the
concentration MgZn,. Here small values of the size
cffect 1.52 and electro negativity 0.0392 arc not
responsible for producing asymmetry in S (0) and
a,.

(d) It is also observed from the low value of electro
ncgativity i.e., 0.0392 as comparcd with e.g. 0.51 for
CsAu, that MgZn possesses weaker ionic character.

(¢)  The hard sphere diameter of the complex plays an
important role in the calculation of partial structure
factors and thereby inelectrical resistivity.
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