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Abstract : A simpleapproach to statistical mechani-
cal theory based on regular solution hasbeen used to
investigate possible chemical associationin Ni-Pdlig-
uiddloysat 1873K.Assuming theexistenceof achemica
association of theform NiPd, the model was used to
deduceinformation on thermodynamic, structural and
surface propertiesof thealoys. Theconcentration de-
pendent of thefree energy of mixing, heat of mixing,
entropy of mixing, concentration fluctuationinthelong
wavelength limit, Warren-Cowley short range order

INTRODUCTION

Theliquid dloysarewd |-recognized asimportant
and promisingareafor researchin physicsand chemis-
try becauseitsatomic arrangements are not spatially
periodicincontrast to the case of crystalinematerials.
Liquid aloysaredisorder system with short range or-
der and exhibit asgnificant variety of atomic structures.
Thermodynamic, structural and surface properties of
mixing of theinitial mdt play important rolein thefor-
mation of solidaloys. Thusthe propertiesof thedloys
in the melt are helpful to understand the alloying
behaviour inthe solid state. They can provide enor-
mousamount of information for understanding metal-
lurgical processand materia preparation of the metal
aloys. Thesolubility of ahomogeneous solid phaseis

parameter, ratio of diffusion coefficients, activity of the
components, surfacetens on and surface concentration
of nicke-palladiumaloyshave got specid attentionto
show atendency of likeatom pairinginthemixture.
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K eywor ds: Simplestatistical mechanical theory;
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governed predominantly by the size factor, electro-
chemicd effect and € ectron concentration. Experiences
say that thesefactors cannot be used effectively to ex-
plainthealloying behaviour of liquidalloysin details.
o, liquid dloysgenerate manifoldinterest for both the
experimentalists*® and the theoreticiang®9.
Nickel-paladium aloyswereoriginaly devel oped
asalow cost replacement for gold. Typically contacts
and connectors are plated with nickel/palladium and
then flashed with gold. Thisreducesthe cost signifi-
cantly. Thepropertiesaresimilar togold with excellent
corrosion resistance, low porosity, low contact resis-
tance and good solderability™. In the present work
weintend to explain thealoying behaviour of nickel-
palladium liquid aloy onthe basisof smplestatistica
model™. Thermodynamic parametersgive usanidea
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about thestability and bonding strength of the constitu-
ent speciesof thedloy, whereasstructural parameters
providetheideaabout ordering and segregating nature
of theadlloy. The properties of mixing of Ni-Pd alloys
aresymmetrica about equiatomic composition despite
thelargesizedifference of Ni and Pdi¥.

FORMALISM

Thermodynamic and microscopic properties

Thegrand partitionfunctionfor smplebinary liquid
aloysconsisting of N, (=Nc) number of A atomsand
N, (=N(1-c)) number of B atoms can be generaized
ad4

UANA +PBNB -E
wt )@

E=§q,”:‘ (T)ag® (T)exp(

Where qiNi arethepartition functionsof atoms(i=A or

B) associated withinner and vibrational degreeof free-
dom. g the samewhether the atomi islocated in the
purestateor indloy. p, and p arethechemica poten-
tials and E is the configurational energy, k;, the
Boltzmann constant, ¢, the concentration of the com-
ponent and T, absolutetemperature. Thestandard ther-
modynamic relationfor freeenergy of mixingis

AG, = AG" +AG® )
where

AG)} =RT{cInc+ (1-c)In(l- )} ®
And

Cc
AGSS = IO Ino?dc = RT{clny + (- c)Inyg} (4)
with

o=(B+2c-1)exp(-o/zkgT)/ 2c (4a)

v, =[B-1+20)/c(1+p)]"”* (4b)

¥o=[(B+1-20)/(1-c)(1+B)]" (40)

B={1+4c(1-c)[exp(2w/ zk . T)-1]}"* (4d)
For theequiatomic composition (c=% ), relation(8)

reducesto

%ﬁs = N2’ [1+ exp(—w/ zk ,T)]™' (5)

Usingtherelations(2),(3) and (4), thefreeenergy
of mixing®™ will be

AGy, = RT[cInc+(@A-c)In(l-c)+clnys +(1-C)yg]

— RT[cInc+ (1-c)In(l—c) + c(1—c) ﬁ] (6)
B

Theheat of mixing (AH,,) canbeobtained fromthe
standard thermodynamic expression as

AHp = AGy, —T(‘%GM j
or C,PN

® 1 do ()
=RT[c(l-¢)———c(l-C)——
[ C)kBT c( C)kB dT]
and entropy of mixing (AS,) isalso obtained fromthe
reldion
ASM = (AHM —AGM)/T (8)

Theactivity of binary liquid aloys, g (i=A or B),
can berelated to thefreeenergy of mixing by therela
tion

RTIng =| 225u
i Ni - Jrpen

0AG
1 T,P,N

Thenwehave from Eq.(9),

()
Inay =Inc +(1—c)2—

kgT (10a)

2 O

Inag =In(l-c)+ ¢ kT

Concentration fluctuationsin thelong-wavelength
limit (S_(0)) isanessentid microscopicfunctionwhich
has been widdly used to study the nature of atomic or-
der inbinary liquidalloysd. S_(0) isthermodynami-
cally related to free energy of mixing (AG,,)!"9. Itis
givenas

(10b)

82AG -
M
J (1)

Sec (0) = RT( >
oc T.P.N
Thevalueof S_(0) canaso bedetermined using

activity datainthefollowing thermodynamic equations:
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-1
0
Sec(0) = (1-)an (%j (122)
dag -
= Cap 20-0) (12b)

which areusuadly considered asthe experimentad va-
ues.

From equations(6) and (11), oneobtainsthetheo-
retical valueof S (0) as.

(13)

-1
z
Sec(0)=c(1-c) [1+ 23 @- B)}

Theided vauesof concentration-concentration fluc-
tuations s (0), whentheordering energy zeroisusu-
aly computed from:

S.(0)=c(1-c) (14)

Atagivencompositionif s_(0) < S*(0) , ordering
inliquidaloy isexpectedwhile s_(0) > S (0) givesthe
indication of tendency of segregation.

Thewarren-Cowley short range order parameter
(o) givesinsight intothelocal arrangement of the at-
omsinthemoltendloys Althoughitisdifficult toobtain
theexperimental valuesof a,, theoreticd vauesof this
parameter areeasily obtain viaconditiona probability
[A/B] which definesthe probability of findinganA-
atom asanearest neighbor of agiven B-atom. To quan-

tify the degree of order inthemoltenaloysa,**4 can
beevduatedtheoreticdly:

Sc(@) l+oy
cd-c) 1-(z-Doy

wherez isthe coordination number, whichistaken as
10 for our purposes. a, for the first coordination
shdl 1?2 interm of o can be taken as

(15)

o,

(1-a,)’c(l-c)
Theknowledgeof o, providesanimmediaeinsight
into the nature of thelocd arrangement of atomsinthe
mixture. Theminimum possiblevalueof o, is-1andit
indicates compl ete ordering of unlikeatom pairing at
nearest atoms. On the other hand the maximum vaue
of a, is+1, whichimpliescompl etesegregationleading

= exp( 20/zk , T)-1 (16)

to phase separation and o= O corresponds to aran-
dom distribution of atoms.

Themixing behaviour of thealoy forming molten
metal s can a so be studied at themicroscopiclevel in
termsof coefficient of diffusion. Themutuad diffusion
coefficient (D,,) of binary liquid dloyscanberelated to
self- diffusion coefficient (D,,) of pure component
through ordering energy (o) withthehelp of Darken’s
equation*;

Dy = Dig {1- c(1-0) [kz—“’TH
B

With D, = cD, + (1-c)D, (18)
where D, and D, aretheself-diffusion coefficients of
pure componentsA and B respectively.

TheratioD,, / D, indicates the mixing nature of
moltenalloys, D,, / D, < lindicatesthe tendency of
homo-coordination while D,, / D,, > 1 indicates the
tendency of hetero-coordination and D,, / D, ap-
proaches 1 for ided mixing.

(17)

Surfaceproperties

The study of surface phenomenon isnecessary for
understanding many propertiesof physicd relevant such
as catalytic activity of aloy catalyst, mechanical
behaviour and kineticsof phasetransformation'®24, It
playsadggnificant roleintheformation of solid aloysby
solidification processof themelts. Severd metdlurgica
phenomenasuch ascrystal growth, welding, gas ab-
sorption, nucleation of gasbubblesare closely associ-
ated with the surfacetension phenomena. Surface seg-
regation resultsfrom theinteraction among theatoms
andthesurfacetenson, i sthe enrichment of thesurface
by the atoms of aparticular component eement?. In
the statistical formulation of Prasad et al.[??4 binary
liquid alloy is considered to have alayered structure
near the surfacewith thermodynamic equilibrium exigt-
ing between the species at the surfaceandin the bulk.
Thesurfacepropertiesof liquid aloysareinfluenced by
ther bulk thermodynamic properties. Thesurfacegrand
partition functionisrelated to the surfacetensiont by
theexpression

_s -St S\
E=eXp| —— | = exp
kgT kgT

(19)
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where Sisthe surface areaand & is the mean area of
the surface per atom and isdefined as& =S/Ns, and Ns
isthetotal number of atoms at the surface. k; isthe
Boltzmann congant.

A pair of equationsfor surfacetension of thebinary
liquid aloysintermsof activity coefficient (y,) of the
aloy componentsand interchangeenergy parameter (o)
proposed by Prasad et al.[?24, is reduced to simple
form by using the zeroth approximation*™ as

kgT 5 2
T=1, +%|n%+%{p(l—cs) +(q—l)(1—0)2} (208)

kgT -c® 2
T=1pg +%In%+%{p(§) +(q_1)(C)2:| (200)

wheret, and 1, arethe surfacetension valuesfor the
pure componentsA and B respectively; Cand Csare
the bulk and surface concentrationsof componentA; p
and qarethe surface coordination fractions, which are
defined asthefraction of thetotal number of nearest
neighborsmadeby atlomwithinitsown layer andthatin
theadjoininglayer. For pand g, thefollowingrdationis
availablgz2,

p+2q=1 (21

For closed packed structure, p = 0.5 whileq =
0.25[inview of thedisordered structureand relaxation
effect of the surfacelayer p and g should betreated as
parameters,

The pair of Egs. 20(a) and 20(b) can be solved
numerically to obtain Csasafunction of C. Obvioudy
the surface concentration depends upon thesurfaceten-
sion of theith component inthe pure state(t,), surface
areaper atom (&), ordering energy (») and the coordi-
nation fractions (p and g). Thisapproachisuseful be-
causeit can be used to investigate the dependence of
surface composition on ordering energy and surface
coordination.

Themean atomic surface area & (=A/N5) isgiven
as

=Y G (i=A,B)
Wheretheatomic areaof hypothetical surfacefor each
componentisgivenas.

g = 1.102(9%10)2/3

(22)

(23)

where Q). isthemolar volume of the speciesi and N,
standsfor Avogadro numbert®,

RESULTSAND DISCUSSION

Thermodynamicand structural properties

The energy parametersfor the calculation of the
various mixing properties of Ni-Pd liquid alloys at
1873K hasbeen estimated using experimenta va ue of
G;° and AH,, for equiatomic composition (C=1/2),
through the equations (5) and (7), which arefound as

®=0.48k, T and 2—$=9.076x 107k, T

The positivevalue of energy parameter (o) sug-
geststhat thereishigher tendency for likeatomsto pair
inthedloy whichimpliesahomo-coordination system.
However, thetendency of pairingiswesak sinceenergy
parameter issmall. We have observed that if energy
parameters are supposed to be independent of tem-
perature (Ow/0T =0), then AS, and AH,, so obtained
areinpoor agreement with experimenta data. Thissug-
geststheimportance of temperature dependence or-
dering energy, o.

The computed values of free energy of mixing
(AG,,/ RT) and entropy of mixing (AS, /R) areplot-
ted asafunction of concentrationin Figure 1 and com-
pared with experimentd vaues¥. Liketheexperimen-
tal vaues, AG, /RT isnegativeat all concentrations.
Thereisreasonabl e agreement between theory and
experiment. Minimum of AG, /RT has been observed
around C, = 0.5. Asregards AS /R, theory agrees
well with experiment. The existence of atomic order
may beinferred fromthe positivevaluesof AS /R at
all concentrations. The heat of mixing (AH, /RT) for
Ni-Pdliquidaloy at 1873K hasbeen computed from
equation (7). Theplot of AH, /RT versusC, arede-
picted in Figure 2. Thetheoretical and experimental
valuesof AH,,/RT arein good agreement inall con-
centrationsof Ni. AH, /RT isminimum at C, =0.5,
which showsthat Ni-Pd liquid alloy issymmetric about
equiatomic concentration. We have used the same
values of the energy parametersfor the eval uation of
chemical activities of the components of the alloy.
Thereiswell agreement between experimental and
theoretical valuesof the activities of the components
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Figurel: Freeenergy of mixing (AG,,) and entropy of mixing (AS,,) Vsconcentration of nickel (C,) inliquid Ni-Pd alloy at
1873K; solid linesfor calculated valuesand cir clesfor experimental values?¥.
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Figure2: Heat of mixing (AH,,) Vsconcentration of nickel (C,,) in liquid Ni-Pd alloy at 1873K; solid linesfor calculated

valuesand circlesfor experimental values.

Ni and Pd of thealoy (Figure 3).

Using the estimated energy parameter, the theo-
retica vauesof S_(0) and o, arecomputed from equa-
tions(13) and (17). Figure 4 showsaplot of thetheo-
retical and experimental vauesof S_(0) dongwiththe
ideal vduesand o, against C .. Thetheoretical vaues
of S_(0) areingood agreement with the experimental
valuesof S_(0). Theresult can be used to understand
thenatureof atomicorder inbinary liquid aloys. Figure

4 showsthat o, ispositive, maximumat C ;= 0.5and
s, (0) > s (0) throughout whol e concentration range of
Ni, showingthat Ni-Pdliquid alloy at 1873K issegre-
gating.

The estimated values of o is used in EqQ. (17) to
evaluatetheratio of themutua andintrinsic-diffusion

DM DM . .
D, . Theplot of D, againg C depicted

coefficients,
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Figure3: Chemical activity (a) Vsconcentration of nickel (C, ) inliquid Ni-Pd alloy at 1873K; solid linesfor calculated

valuesand circlesfor experimental values.
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Figure4: Concentration fluctuation at long wavelength limit (S_(0)) and short rangeor der parameter () Vsconcentr ation
of nickel (C) inliquid Ni-Pd alloy at 1873K; S_(0): calculated values(solid lines), experimental values (cir cles)!" and ideal

values(dashedlines) ; a, : dotted lines.
DM
Did

the entire range of concentration of C,, whichisin-
dicativefor the phase separation inthemixture. A mini-

inFigure5 showsthat theva ue of islessthanl,in

M

mum value of =0.760 for ¢, = 0.5, confirms a

Did
weak tendency for segregation, as observed by the
S..(0) and CSRO parameter.

Surfaceproperties

On the basis of approach of Prasad et al, the
surface concentrations and surfacetension of Ni-Pd
were computed numerically from the expressionsin
Egs. 20(a)and 20(b). For this, we need experimen-
tal dataof density and surface tension of the compo-
nents at the working temperature. We cal cul ated the
density and surface tension for the components Ni
and Pd>?" at the working temperature 1873K by
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Figure5: Ratio of chemical and intrinsic diffusion coefficients Vs concentration of nickel (C,,) in liquid Ni-Pd alloy at

1873K.
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Figure6: Surfaceconcentration of nickel (C ) Vsbulk concentration of nickel (C,,) inliquid Ni-Pd alloy at 1873K; solid
linefor valuesfrom theor etical approach, dashed linefor valuesfrom additiverule.

using theequationsas

dp
T) = pa+(T=To)—
p(T) = pg+( o)OIT

d
(T) = To+(T—To)d—_T_

(24)

(25)

. _— . d d
investigation and melting temperature; ﬁ and # rep-

resent thetemperature coefficient of density and sur-
facetension respectively for component metal of the
aloys. Themean atomic surface area& wasca culated
by using Egs.(22) and (23). For cd culating surfaceten-
sion we used same estimated energy parameter, . At

Where T and T are respectively the temperature of ~ first, surfaceconcentrationsof nickel inaloy Ni-Pd have
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Figure7: Surfacetension (t) Vsconcentration of nickel (C ;) in liquid Ni-Pd alloy at 1873K; solid linefor valuesfrom

theor etical approach and dotted linefor ideal values.

been obtained as afunction of bulk concentration by
concurrently solving the equations 20(a) and 20(b).
Using the obtained values of surface concentrationswe
computed thesurfacetension of Ni-Pdliquid aloysat
temperature 1873K for wholeconcentrationrange. The
andysisgivesthat the computed surfacetensionfor Ni-
Pdaloysat 1873K islessthanideal valuesat al con-
centration of nickel; i.e. thereisnegative departure of
surfacetenson fromidedlity. Theoretica approach pre-
dictsthat thereislinear relation between the surface
tension and bulk concentration of nickel partin Ni-Pd
alloy [Figure7]. Itisalso noticed that the surface con-
centration of nickel inNi-Pd dloysisfoundtoincrease
with theincrease of bulk concentration of Ni [Figure
6]. Thisisanindicationthat inthedloystherearemore
atoms of component with bigger atom at the surface.
Hence, at the surface of liquid Ni-Pd, Pd-atoms segre-
gate at the surfacein preferenceto Ni-atomsthrough-
out the entire composition.

CONCLUSION

Theanalysisreved sthat thereisatendency of like
atom pairing or homo-coordination (Ni-Ni,Pd-Pd) in

liquid Ni-Pd aloysat al concentrations. Thethermo-
dynamicd anaysissuggeststhet thisaloy isof aweskly
interacting nature. The ordering energy isfound to be
temperature dependent. Theoretical study showsthat
meta withlower surfacetens on tendsto segregateon
thesurface of molten aloys. InNi-Pd systemat 1873K,
thesurfacetension of Ni-Pd dloysawayssmaller than
ideal values, increaseswith theincrease of bulk con-
centrationsof nickel, Pd atoms segregateto the surface
at all bulk concentrationsof nickel.

REFERENCES

[1] R.Hultgren, PD.Desai, D.T.Hawkins, M.Gleiser,
K.K.Kéelley; ‘Selected Values of the Thermody-
namic Properties of Binary Alloys’, ASM Metals
Park, Ohio, 1013 (1973).

[2] M.L.Saboungi, J.Marr, M.Blander; J.Chem.Phys.,
68, 1375 (1978).

[3] S.Harada, S.Takahashi, S.Takeda, S.Tamaki,
P.Grey, N.E.Cusack; J.Phys., F18, 2559 (1988).

[4] P.Lamparter, W.Martin, S.Steeb, W.Freyland;
J.Non-Cryst.Solids, 61-62, 279 (1984).

[5] T.lida R.l.L.Guthrie; ‘The Physical Properties of
Liquid Metals’, Clarendon Press, Oxford, (1988).



ChemXpress4(1), 2014

187

[6] J.Fory; J.Chem.Phys., 10, 51 (1942).

[7] W.A.Harrision; ‘Pseudopotential in the Theory of
metal’, W.A.Benjamin, Inc., New York, (1966).

[8] J.L.Lebowitz; Phys.Rev., 133, 895 (1964).

[9] T.E.Faber; ‘Introduction to the Theory of Liquid
Metals’, Cambridge Univ. Press, Cambridge,
(1972).

[10] B.Bernu, J.P.Hansen, Y.Hiwatari, G.Pastore;
Phys.Rev.A, 36, 4891 (1987).

[11] W.Li, M.P.Tosi; Il Nuovo Cim., 11(10), 1509
(1989).

[12] R.N.Singh; Can.J.Phys., 34, 249 (1987).

[13] R.N.Singh, 1.S.Jha, S.K.Sinha; J.Phys.Condens.
Matter, 3, 2787 (1993).

[14] R.N.Singh, I.K Mishra, V.N.Singh; Phys.Condens.
Matter., 2, 8457 (1990).

[15] E.A.Guggenheim; ‘Mixture’, Oxford University
Press, London, (1952).

[16] A.B.Bhatia, R.N.Singh; Phys.Chem.Liq., 11, 285
(1982).

ORIGINAL ARTICLE

[17] I.Kaoirala, 1.S.Jha, B.P.Singh, D.Adhikari; Physica
B, 423, 49 (2013).

[18] B.C.Anusionwu; Physica B, 311, 272 (2002).

[19] B.PSingh, D.Adhikari, 1.S.Jha; Adv.Mat.Lett., 3(3),
226-230 (2012).

[20] www.enthone.com

[21] B.E.Warren; ‘X-ray Diffraction’, Addison-Wesle,
Reading MA, 227 (1996).

[22] J.M.Cowley; Phys.Rev., 77, 667 (1950).

[23] L.C.Prasad, R.N.Singh, V.N.Singh, G.P.Singh;
J.Phys.Chem.B, 102, 921 (1998).

[24] L.C.Prasad, R.N.Singh; Phys.Rev.B, 44, 13768
(1991).

[25] R.Novakovic; J.Non-Cryst.Solids, 356, 1593
(2010).

[26] R.Novakovic, D.Giuranno, E.Ricci, A.Passerone;
Surface Sci., 576, 175 (2005).

[27] E.A.Brandes, C.J.Smithells, ‘Metals Reference
Book’, Sixth Edition, Sec.14-6, (1983).



