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Abstract : Simple statistical model has been used
to report thethermodynamic, structural, transport and
surface propertiesof liquidAl-Mg aloysat 1073K.
In thermodynamic properties we have studied the
free energy of mixing and the chemical activity of
both components of the alloys. For the structural in-
vestigation, our study includes concentration fluc-
tuationinlong wavelength limit and Warren-Cowley
short range order parameter. VViscosity and diffusivity
of the alloys have been studied to understand trans-
port properties. The surface behavior has been ana-
lyzed by computing surface concentration and sur-
face tension of the alloys. The structural behaviors

INTRODUCTION

Mg-based alloys as lightest structural metallic
materias have been receiving considerabl e interest
due to their good performances. Mg-based alloys
with different additives such asAl, Ga, Pb, Hg and
TI have been widely used as anode materials dueto
their rapid activation, low density, high current ca-
pacity and low electrode potentiall¥. The applica-
tion of Al-Mg aloys has been extended in aerospace
and automotive industries because of their light
weight, high specific strength, high electrical and

of thealloysarefound to be symmetric with respect
to concentrations of the species. The computed re-
sultsarein good agreement with experimental data.
Positive deviation of viscosity isotherms from lin-
ear law is observed. Surfacetension of thealoysis
found to besmaller thanideal valuesthroughout bulk
concentration of Al. For all theoretical anaysis, con-
centration independent energy parameter takesim-
portant role, which is found to be temperature de-
pendent. © Global Scientificlnc.

Keywor ds: Simplestatistical model; Linear law;
Hetero-coordination; Surfacetension.

thermal conductivity, outstanding corrosion resis-
tance, weldability and mechanical properties??l.
Thus knowledge of mixing properties of Al-Mg al-
loysis necessary for design and devel opment of re-
liable materials. The liquidus line of Al-Mg alloys
revea sthat the constituent atomsform complexes at
one or more stoichiometric composition. For the
material preparation of metal alloys, the understand-
ings of mixing properties of liquid alloys are im-
portant. Several theoretical modelg=° have long
been proposed to understand the thermodynamic,
structural, transport and surface properties of binary
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liquid alloys. In present work, we study the concen-
tration dependent mixing propertiesof liquidAl-Mg
at 1073K by the simple statistical model™*3. The
energetic of mixing aswell asthe positive/negative
deviation from Raoultian behavior for the various
bulk and surface properties have been discussed.

It isobserved that system Al-Mginvestigated is
characterized by negative interaction energy, indi-
cating the formation of two structures, as shown by
their phase diagramd“. This characteristic behav-
ior islikely to be areflection of the interplay of the
energetic and structura re-adjustment of the congtitu-
ent elemental atoms. However, thisis discussed in
term of metallurgical and chemical constructs, such
aselectro-negativity difference (=0.3) and sizemis-
match (=1.4) for Al-Mg alloy, which indicates the
values that are characteristics for ordering alloy!*4.

The paper is arranged as follows: We present
theoretical formalism in section 2, results and dis-
cussions in section 3 and finally, conclusion of the
paper is presented in section 4.

THEORETICAL FORMALISM

Thermodynamic properties

The grand partition function for simple binary
liquid alloysAB which consists of N, (=N x) num-
ber of A atoms and N (=N (1-x)) number of B at-
oms so that total number atoms N, becomes equal to
N,+N;, may be expressed ag'!

E =[9a04 ()™ 6505 (T)]"® exp(-BE) B =1/kT (1)
where qiNi arethe partition functionsof atoms(i =A

or B) associated with inner and vibrational degree
of freedom. ¢ the samewhether the atomi islocated

inthe pure stateor in alloy. ¢; (i =AorB)isgivenas

oj = exp(y; /kgT), )

where p, k; and T refer to chemical potential of ith
component, Boltzmann constant and absol ute tem-
perature, respectively. E is the configurational en-
ergy of the alloys. One can easily obtain arelation

between excess free energy of mixing, G{° andthe

ratio of activity coefficients, y (=, / y,) by using
standard thermodynamic rel ations.
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X
GRe= RTJ-Inydx:RT[xInyA +(1-x)Inyg] 4,
0
with y, =[(B-1+2x)/x(1+8)["?
Yo =[B+1-29/(1-x)(1+p)["*
B={L+4x(1-x)[exp(20/ k4 T) - 1]}"* (3c)
WhereR isuniversal molar constant; x,concentration

of the component; m,interchange or ordering energy
and z, coordination number. For the equiatomic com-

(3a)
(3b)

position (X:% ), relation (3) reducesto

GXS
R# =In2"7[1+exp(-w/ zk , T)]™*'? (4)

The standard thermodynamic relation for freeen-
ergy of mixing (G,,) is
G, =RT[xInx+(1-x)In(1-x)]+G}° (5)
Using the relations (3) and (5), one obtains an
expression for the free energy of mixing*™ as
Gm = RT[xInx + (1-x)In(1-x) +xInys +(1-Xx)Inyg]

= RT[xInx+(@-x)In(l- x)+x(1—x)k%] (6)

The activity of binary liquid aloys, a (i=A or
B),can berelated to the free energy of mixing by the
relation

oG oG
RTIna,—:[ M) -G +(1_xi)[_l\/l]
Ni Jrpn . X JreN 0
Then we have™ from Eq.(7),
®
Inay =1Inx +(1—x)2— 7
kT (72)
Inag = In(1-x)+ x® —— (7b)
B

Sructural properties

Thetheoretical determination of concentration-
concentration fluctuations in the long-wavelength
limit (S_(0)) is of great importance when nature of
interactionsin the melt hasto be analyzed. S_(0) is
an essentia structura function which hasbeenwidedy
used to study the nature of atomic order in binary
liquid alloys®®7, It is thermodynamically related
to freeenergy of mixing (G,,)!***" through the equa-
tion.
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ox2 (8)

Equations (6) and (8) givesthetheoretical value
of S_(0):

Sec(0)= x(1-X)[1+2(1-B) / 28] (9)
For the ideal mixing, when the ordering energy
iszero, concentrati on-concentration fluctuations are
usually computed from:
S%(0) = x(-x) (10)
The Warren-Cowley*#9 short-range order pa-
rameter () isanother important structura function
which is useful to quantify the degree of chemical
order inthealloy at melt. It providesinsight into the
local arrangement of the atomsinthe molten aloys.
Although it is difficult to obtain the experimental
valuesof o, theoretical valuesof this parameter are
easily obtain via conditional probability [A/B]
which definesthe probability of finding an A- atom
as a nearest neighbor of a given B-atom. It can be
evaluated theoretically!819:

0 =(S-D/{Sz-D+L, S=5(0)/39(0) (11)
where z is the coordination number, which is taken
as 10 for our purposes.

%G, |
Sec (0) = RT( M J
T.P.N

Transport properties

The mixing behavior of binary liquid alloys can
also be studied at the microscopic level in terms of
transport properties such as viscosity, chemical dif-
fusion coefficientsetc. Viscosity isotherm (n) of lig-
uid aloys is an important transport parameter for
the understanding of the atomic level structure and
interactions. Asin the case of thermodynamic func-
tions, the composition dependence of n of liquid al-
loys is aso found to exhibit either a linear varia-
tion, or positive or negative deviationsfrom thelin-
ear law. A simple formula for the investigation of
viscosity of abinary solution” is

M= Nig {H(l—x)(f—“}ﬂ
B

- 0 0
With 14 = xna +(@-x)ng

(12)

(13)

where n? is the viscosity of pure component i (= A

or B) and o as usual, the interchange energy or or-
der energy.

The mixing behavior of the alloysforming mol-
ten meta can also be studied at the microscopiclevel
intermsof coefficient of diffusion. The mutua dif-
fusion coefficient (D,,) of binary liquid alloys can
be expressed interms of activity (a) and self- diffu-
sion coefficient (D,,) of pure component with the
help of Darken’s equation?¥

ding
Dy =Digx; ok (14)
Weobtain anexpressionfor intermsof S_(0)*:
Dy _Sz(0
Dy S.00) (15)
Withp,, = xD, + (1-x)D, (15a)

where D, and D, are the self-diffusion coefficients
of pure components A and B respectively. Accord-
ingto EqQ. (14), istypical compound forming alloys
implyingDD,, A D_. A peak on diffusivity curve, D,
/ D,, verses X, suggests presence of maximum
chemical order in the molten alloys system as well
as the composition of the most probabl e associates
formed in the liquid phase®4. The relationship be-
tween S_(0) and the diffusivity expressed by thera-
tio of themutua and self-diffusion coefficients, D,
/ D, indicates the mixing behavior of the aloys,
i.e. thetendency for compound formation(D,, / D, ;>
1) or phase separation (D,, / D, < 1) or idea mix-
ing (D,, / D,, approaches 1). Considering only the
energetics of the nearest- neighbor bond, equation
(14) becomes

Dy = Dig {1— x(1— x)(%ﬂ

Surfaceproperties

(16)

The knowledge of surface phenomenai.e. sur-
face segregation and surface tension of the alloys
can help to explain the technol ogical important vari-
ous properties such as mechanical behavior, kinet-
ics of phase transformation, catalytic activity of al-
loy catalyst and thin film etc. Surface segregationis
the enrichment of the surface by the atoms of the
particular component € ement in abinary aloy which
resultsfrom theinteraction among theatoms and sur-
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facetension!”®. Binary liquid aloy is considered to
have alayered structure near the surface with ther-
modynamic equilibrium existing between the spe-
cies at the surface and in the bulk!™ 8. The surface
properties of liquid alloys are influenced by their
bulk thermodynamic properties. The surface grand
partition function is related to the surface tension t
by the expression”:8

—S -St —N°t¢
ES = exp| — | = exp
kKgT kgT

where Sisthe surface areaand £ isthe mean area of
the surface per atom and is defined as § = S/Ns,and
N*is the total number of atoms at the surface. k; is
the Boltzmann constant.

A pair of equation for surface tension of the bi-
nary liquid alloysintermsof activity coefficient (y)
of the alloy componentsand interchange energy pa-
rameter (o), at the given temperature T, proposed
by Prasad et al, have been modified in the simple
form, using zeroth approximation as

(17)

T=1p +%Inxs—%lnx+{p(l— x%)? +(q-1)(- x)z}% (17a)

T=1g +kBTT|n(1— x°) —kBTTIn(l— x) +{p(x%)% + (q—1)x2}% (17b)

whereand arethe surface tension valuesfor the pure
components A and B respectively; x and x® are the
bulk and surface concentrations of the alloy compo-
nent; p and q are the surface coordination fractions,
which are defined asthe fraction of the total number
of nearest neighbors made by atom within its own
layer and that in the adjoining layer. For p and g, the
following relation is available™9,

P+2q=1 (18)

For closed packed structure, p = 0.5 while q =
0.25(in view of the disordered structure and relax-
ation effect of the surface layer p and g should be
treated as parameters®).

The pair of Egs.17(a) and 17(b) can be solved
numerically to obtain x® as a function of x. Obvi-
ously the surface concentration depends upon the
surface tension of the ith component in the pure
state(t), surface area per atom(&), order energy(w)
and the coordination fractions(p and q). This ap-
proach is useful because it can be used to investi-

ORIGINAL ARTICLE

gate the dependence of surface composition on or-
der energy and surface coordination.
Themean atomic surfacearea& (=A/N°) isgiven

as
=) G (i=A,B) (19)
Where the atomic area of hypothetical surface for
each component is given as™:

g = 1.102(9%10j2/3

where Q; is the molar volume of the speciesi and

N, stands for Avogadro number.

In order to compare the behavior of concentra-
tion- concentration fluctuations and Warren-Cowley
short rang order parameter in the bulk and at the
surface of the alloys, we need an expression for de-
termination of concentration- concentration fluctua-
tions and warren-Cowley short rang order param-
eter at the surface. On the basis of earlier works of
Singh et d. inref™ for thebulk phase, an expression
for concentration- concentration fluctuations at the
surface obtained via solving the surface grand par-
tition functionisgiven by>1
S (0) = X°(L-x°)[ 1+ 2°(A-p%) / 28°]
with ﬁs={1+ 4x°(1-x°) [exp(Zm/ 2’k T)- 1] }1/2 (22)

Here z° is the coordination number of surface
atoms which is obtained from z°= (p+g) zand z is
the coordination number in bulk. Inthe case of idedl
mixing (i.e. ® = 0), Eq.(21) reducesto
Sec(0,ideal) = x°(1-x®) (23)

The expression for the surface Warren-Cowley
short range order parameter, deduced from Eq.(11)
isgiven by
B=(S-D/H{S (F-)+§, S=5.(0/x51-x5) (24)

(20)

(21)

RESULT AND DISCUSSION

The energy parameter used for the calculation
for Al-Mqg liquid alloys at 1073K has been deter-
mined from equation (4) by using experimental value
of G for equiatomic composition.The best fit-

ting value of parameter isfound as

© 112

kgT (25)
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The negative value of energy parameter (kBiT )

suggests that there is higher tendency for unlike at-
omsto pair in the alloy which implies a hetero-co-
ordination system. However, the tendency of pair-
ingisweak since energy parameter issmall.

The free energy of mixing for Al-Mg liquid al-
loysat 1073K has been computed from equation (6).

The plot of %versus X,, are depicted in Figure 1.
The calculated and experimental values of i—ﬁ are
in good agreement throughout whole concentrations
of auminium. Therefore our choice of » for the al-
loy isgood becauseit is confirmed from the qualita-
tive agreement between cal culated and experimen-

tal values. The value of 3% (= -0.97332) is mini-

mum at X, =0.5, which show that Al-Mg liquid al-
loy issymmetric about equiatomic concentration. The
negative small values of free energy of mixing
throughout the entire compositionsindicatethat the
Al-Mgalloy at 1073K in molten stateis weakly in-
teracting system. Theactivity isoneof theimportant
thermodynamic functionswhichisobtained directly
from experiment. The deviation from ideal behav-
ior is incorporated into activity. We have used the
same value of the energy parameter in Eq. (7a) and
(7b) for the evaluation of chemical activities of the
components of the alloy. There is well agreement
between calculated and experimental values of the
activities of the componentsAl and Mg of the alloy
(Figure 1).
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Theoretical
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Figure 1 : Free energy of mixing (G,,) and Chemical
activity (a) Vs concentration of aluminium(x,, in liquid
Al-Mg alloy at 1073K
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Figure 2 : Concentration- concentration fluctuation at
long wavelength limit (S_(0)) Vs concentration of
aluminium(x,, in liquid Al-Mg alloy at 1073K

Al)

The mixing behavior of liquid aloys can be de-
duced from the deviation of concentration- concen-
tration fluctuations at long wavelength limit (S_(0))

from g90) . Atagiven compositionif s . (0) <S2.(0),
ordering in liquid alloy is expected while
Se.(0)>S9(0) gives the indication of tendency of
segregation.

We have used Eq.(9) to compute the S_(0) for

Al-Mg. It can also be obtained directly from the
measured activity” dataas

6a.M

-1 -1
Sec(0) = (L-X)ap (%} = Xayg (6(1——?0J (26)

where a, and g, are the observed chemical activi-
tiesof aluminium and magnesium respectively. The
S.(0), obtained from Eq.(26) are taken as experi-
mental values. Figure 2 shows a plot of the calcu-
lated and experimental values of S_(0) along with
theideal vaues. The calculated values of S_(0) are
in good agreement with the experimental values of
S,(0) intheregion0.5x,, 0.1. Intheregion 0.4 x,,_
0.9, the computed values lie below the experimen-
tal values but in the whole range of concentrations
of auminium, computed values of S_(0) lying be-
low the corresponding ideal values. The result,
clearly described this system as compound forming.

Figure 3 shows the plots of Warren-Cowely
chemical short range order parameter (o) against
chemical composition of aluminium, obtained from
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Figure 3 : Warren-Cowely short range order parameter
(a) Vs concentration of aluminium(x,, in liquid Al-Mg
alloy at 1073K

Eqg.(11) for Al-Mg at 1073K. For the equiatomic
composition, a, isfoundto be-1<a, < 1. Negative
values of o, indicate ordering in the melt, which is
completeif a,=-1. On the other hand, positive val-
ues of a,indicate segregation, leading to complete
only if a, = 1. But o, = O, corresponds to random
distribution of theatomsin the mixture. It isobserved
that the plots are symmetrical about equiatomic com-
position and negative throughout the whol e concen-
tration range of aluminium. The negative values of
o, (minimum at x ,, = 0.5) throughout whol e concen-
tration range are the signatures of hetero-coordina-
tion system in theAl-Mgliquid alloysat 1073K.

Theviscosity of theAl-Mgliquid alloy hasbeen
computed numerically from Eq. (12). From the plot
of n verses bulk concentration of x,, (Figure 4) in
Al-Mgliquid aloy, positive deviation from thelin-
ear law (Raoult’s law) in viscosity isotherms n(c)
have been observed for the regular aloy.

The calculated vaues of S_(0) are used in Eq.
(15) to evaluatetheratio of the mutual and intrinsic-

Al)

diffusion coefficients, %“3 For the consistency of

the estimated order energy parameter, o, we have
also calculated using Eq.(15). Figure 5 shows plotof

3—_“: against the concentration of aluminium. In that

plot the value of %: is found greater than 1 in the
entire range ofconcentration which isindicative for

ORIGINAL ARTICLE
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Figure 5 : Ratio of mutual and intrinsic diffusion coeffi-
cients (D,, /D,,) Vs concentration of aIuminium(xAl) in
liquid Al-Mg alloy at 1073K

the compound formation in the mixture. A maximum

D

value of Df“: =1.56forx, = 0.5, concentrationwhich

isindicativefor the compound formation in the mix-

ture. A maximum value of %“:z 1.56 for x,= 0.5,

confirmsaweak tendency for chemical ordering, as
observed by the S_(0) and CSRO parameter.

The surface concentrations and surface tension
of Al-Mg have been computed numerically from the
Egs.17(a) and 17(b). For this, we need experimen-
tal dataof density and surfacetension of the compo-
nents at the working temperature. The density and
surface tension for the components Al and Mgi#2%3
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at the working temperature T =1073K have been
calculated by using the following equations

pa(T) = 2.64625-2.8x1074T
Pmg(T) =1.8346-2.65x10°*T
1 (T) = 1.24155-3.5x10°4T
g (T) = 0.8824-35x107*T

(27a)
(27b)
(28a)

(28b)

The mean atomic surface area & has been cal cu-
lated by using Egs.(19) and (20). For calculating
surface tension we used same estimated energy pa-
rameter, . At first, surface concentrations of alu-
miniumin alloy Al-Mg have been obtained asafunc-
tion of bulk concentration by concurrently solving
the equations 17(a) and 17(b). Using the obtained
values of surface concentrations we computed the
surface tension of Al-Mg liquid alloys at tempera-
ture 1073K for whole concentration range.

The study of surface concentration as shownin
Figure 6 showsthe usual patternfor surface concen-
trationincreasing with increasing bulk compositions.
This indicates that Mg-atoms (having lower value
of surface tension relative to Al-atoms in Al-Mg)
segregate at the surface of Al-Mg liquid aloys in
preference to Al-atoms throughout the entire com-
positions. The computed values of surface tension
for molten Al-Mg aloys at 1073K from modified
prasad’s model, mentioned above are depicted in
Figure 7. Dueto lack of surface tension experimen-

1.00 " T T T T T T T

| —— Theoretica

----ldeal e
0.80 - - ’ i
0.60 -

o <
>
0.40 - i
0.20 - —
0.00 Pl | L 1 L 1 L 1 L
0.0 0.2 0.4 0.6 0.8 1.0

Fig.6
Figure 6 : Surface concentration of aluminium (xil) Vs

bulk concentration of aluminium(x,, in liquid Al-Mg
alloy at 1073K

Al)

tal data we could not compare our computed sur-
facetension with the experimental data, nonethel ess,
we observed that the isothermal plotsof surfaceten-
sion of the system exhibits negative deviation from

the ideal values (1=t,x+15(1-x)) asit is the case
with most binary liquid mixtures?,

It is noticed that computed values of T and x3,

arefound to besmaller than theideal valuesthrough-
out bulk concentration of aluminium. The absence
of irregularitiesin theform of minimum, maximum
or inflection point in theisothermal plots of the sur-
facetension of thealloysAl-Mgisasignature of the
absence of stoichiometric intermetallic compound

T T T T z T z T z
0.85 - B
—— Theoretical

0.80 - SN _

t(N/m)

0.50 I ! 1 ! 1 L | L | L
0.0 0.2 0.4 0.6 058 1.0

Xy - Fig.7
Figure 7 : Surface tension (t) Vs bulk concentration of

aIuminium(xAl) in liquid Al-Mg alloy at 1073K
0.24| e i
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Figure 8 : Surface concentration- concentration fluctua-
tions at long wavelength limit (S3.(0) )Vs bulk concen-

tration of aIuminium(xAl) in liquid Al-Mg alloy at 1073K
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Figure 9 : Surface Warren-Cowely short range order
parameter (o) Vs bulk concentration of aluminium(x

in liquid Al-Mg alloy at 1073K

Al

formationinthe system. However, going by the phase
diagraminref ¥ intermetallic compound AL Mg, exist
in the solid phase of Al-Mg. To predict the local
order on the surface of theliquid aloys, the surface

concentration- concentration fluctuations, 3. (0) and

surface warren-Cowley short range order parameter,
«f Was computed through eq.(21) and (24) and plot-
ted against the bulk concentrations of aluminium of
thealloysin Figures 8 and 9.

The Figure 8 showsthat and for the alloys are
skewed towards the lower concentrations of mag-
nesium. However just asin Figure 1, Figure 9 shows
S (0) < S3.(0,id) throughout the entire composition

of aluminium in Al-Mg which indicates the pres-
ence of chemical order both in bulk and on the sur-
face of the liquid aloys. In Figure 9, is skewed to-
wards the lower concentrations of magnesium and
just likebulk o, surface warren-Cowely short range
order parameter is negative throughout all concen-
trations of aluminium.

CONCLUSIONS

The analysis reveals that there is a tendency of
unlike atom pairing or hetero-coordination (Al-Mg,
Al-Mg) inliquidAl-Mgalloysat all concentrations.
Thetheoretical analysis suggeststhat thisalloy is of
aweakly interacting nature. In case of viscosity iso-

therms, positive deviation fromideality is observed
but surface tension isotherms of Al-Mg alloys are
deviated negatively from ideal values. Theoretical
study proofs that metal with lower surface tension
tends to segregate on the surface of molten alloys.
The smaller Al-atoms segregate in the bulk but big-
ger Mg-atoms segregate at the surface of liquid Al-
Mgalloys.
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