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Abstract

The thermodynamic and structural properties of Bdifuid alloys at 1873 K have been computed usagular
associated solution model. To compute these fumetiwe have estimated the mole fractions of the ¢texmp
assuming the existence of Fgledmplex in the melt. The thermodynamic propertigshsas free energy of mixing
(Gw), heat of mixing (K,), entropy of mixing (§) and activity (a) of the melt have been estimaiexlunderstand
the microscopic structural properties, we havenetied the concentration fluctuation in long wavgtanlimit
(S(0)) and the Warren-Cowley short range parametgr The free energy of mixing was found to be negatit
all compositions. But the heat of mixing and th&@py of mixing are found to be positive at all quositions. The
equilibrium constant (K) is found be less than tizga The interaction energy parameters,(wi; and ws) are all
found to be positive and temperature dependent.tfidwretical estimation of the concentration flatton in long
wavelength limit ($¢ (0)) is found to be greater than the ideal valiresughout the whole range. The theoretical
analysis suggests that the Fe-Pd liquid alloy &t31R near the melting point is segregating (homordmating)
system. The Warren-Cowley short range order pammistfound to be positive which too suggest thentto
coordinating (segregating) nature of the systemllatompositions. The theoretical analysis alsogests that the
Fe-Pd liquid alloy near melting point is weaklydrdcting system.
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1. Introduction

A number of researchers of present day are coratedton developing and devising new alloys to meet
the demands of today. The alloys comprises of dycalmproperties which leads them to
multidisciplinary uses. There also appears keegraést in investigating and developing Fe-Pd allays
they can be used in shape memory alloys, compuotdtazhips, medical purposes and their nanopartiples
are used as electro-catalyst for oxygen reduciibe. alloys are generally grown from the liquid stat
temperatures nearer to their melting points. Tihes,thermodynamic and structural properties ofahit
melt plays important role in understanding the praps of the solid alloys. Different theories hdweg
been proposed to explain the thermodynamic andostgopic structural properties of binary liquid o

In present work we intend to investigate and toausthnd the thermodynamic and microscopic struictura
features of Fe-Pd liquid alloys at 1873 K on thsi®af regular associated solution model [1-4].

According to the regular associated solution motted, existence of chemical complex in the binary
solution of the alloy near to their melting poistassumed. According to this model, binary solutfon
considered to be the ternary mixture of complexed anassociated atoms. It is assumed that there
appears unequal interaction between the complexgsh& unassociated atoms and the equations of the
thermodynamic and microscopic structural functiaresderived on this basis. It can be seen from the
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phase diagram of Fe-Pd [5] the appearance of diffgsphases such as FePdPd;, Fe;Pd. Among the
different phases, in this work we have computedttieemodynamic behavior and microscopic structural
properties such as concentration fluctuation irglaravelength limit (§(0)) and Warren-Cowley short-
range order parametar;f [6,7] assuming the presence BéPd; complex in the binary solution of Fe-
Pd at 1873 K. We have also computed the activitfethe unassociated atoms [8] to investigate the
strength of complex in the liquid state and ratiaiffusion coefficients for the greater insight lotal
ordering in the liquid state. In this model theenaiction energy parameters are considered to be
temperature dependent.

The formulations used for the calculations are gmesd in section 2, the results and discussions are
presented in section 3 and the conclusions aremies in section 4.

2. Theory

Consider one mole of a liquid binary alloys of fbem A-B (A=Pd, B=Fe) which consists af atoms of
species A andh, atoms of species B. According to Lele and Ramclraad [8], it is assumed that the
chemical complexe&, B (4,B <=> pA + B) exists in the melt, whene is a small integer whose value
is determined from the compound forming concerdra(=p/ (p +1)) in the solid state. Hence, the liquid
alloy can be considered to be the ternary mixtwesnassociated atoms A (=Pd), B (=Fe) and the
complexA,B (= PdsFe) in tranquility, wherep =3. Letny, ng andnApB moles are the concentrations of

A, B and4,B in the melt. Then according to the conservatiomass, in the partially associated solution
the formation of the complexi,B requiresn, = ny +Pa,p and n, = ng +Ny,p- But the

thermodynamic and microscopic structural behaviofithe complexes in the melt are ruled by theietr
mole fractionX,, Xg andXApB in spite of their gross mole fractiong andx,, where

ny na
X = ) X2 = (1)
Tl1+ n; n1+ ny
n n NaApB
Xp= — M= — B andy, = ——0E 2)
na+ nB+nApB na+ nB+nApB p na+ nB+nApB

Then the relation between the two sets of true rirakdions can be derived using the egns. (1) ahdg

Xy = X1 = PXoXap  @Ndxp =x; — (1 = px2)x4 (3)

Following Jordan [3], the activity coefficients ofionomersy,, yz and Ya,B and complex can be
represented in terms of pairwise interaction emsrgs

RT Iny, = x§ wy, + xjpB w1z + XpXa,B (w12~ wa3 + Wq3) 4)
RT Inyp = xip3w23 +x5w15 + X4 xApB(w23 — w13 + W13) (5)
RT anApB = X3W13 + X5Wa3 + XaXp (W13 — W12 + W3) (6)

where wq,, w;3 andw,3 represents the pairwise interaction energiesi@ispecies A, B; A4,B and B,
ApB respectively. Temperature and universal gas conata represented by T and R respectively.

Following Lele and Ramchandrarao [8], the equilibriconstant for the reactio),B <=>pA + B is
given by following equation

_ Xz XB Vz YB
=A—4— (7)
X ApB Y ApB

Using Egs. (3) , (4) and (5), the relation for &gguilibrium constant can be obtained as
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p

Ik = In(Z22 ) 4 922 4 92 pey (1o x) + x0] + 22 [pras (1- %) - 5] +
14

= [xa,8 (1~ pxp) - xp] (8)

RT

and the free energy of mixin(@,,) is given as

w w w
Gy = RT [( xAxBﬁ + XaXa,p ﬁ + XpXa,p ﬁ) + (xAlnXA + xglnXp + xApBlnXApB) +

1+PxApB
Xa, Blnk] 9)

In a regular associated solution moaegy; = x4y, and x,y, = xgyg Wherey; andy, are the gross
activity coefficients of components 1 and 2 respett. Hence it follows

Iny, = lny, +1n (i—A) (10a)
1
and,lny, = Inyg + In (i—B) (10b)
2
On solving equations (4) and (5), we get

W, XB ln( )+(1 xB)ln( )_ xg (1-xp )‘012

13 XA

RT X5 (11)
Wy _ xAln( A)+(1 xA)ln( B) xa(1-x4) 52 12 (12)
RT xApB

wherea,; anda, are activities of components 1 and 2 respectively.

The pairwise interaction energies, the equilibrigonstants and the activity coefficients at infinite
dilution can be written as [2]

Iny{ = % (13a)
kexp (222) = G ny ) (13b)

On solving equations (8) and (13), we obtain

Wiz _ (1txa @1z aja,
lnk+ RT - (xApB)l ( ) xApB [1 ( ) ] +1 (xApB> (14)
The other thermodynamic functions such as heat ofinm (H,), entropy of mixing £,) and

concentration fluctuation in the long wavelengthiti( S (0) ) are corelated with free energy of mixing
( Gy) by the following standard thermodynamic relations

Hy = Gy~ T (2 (15a)
Sy = (15b)
Sec 0 =RT(520) 73 (15¢)
See (0) =%, ar(52) 7h =31 aa(52) 7 (150)

Using equation (9) in equation (15a), the expresfio the enthalpy of mixing can be obtained
as
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w 6 ow
H, = [(xx 24 x4x 3+ xpx ﬁ) T(xx 24 xax4 g —=+
M 14pX 4,5 AYB pr A APB RT B*ApB pr A*B a A%ApB T

dwaz\ _ pp2 dlnk]
XpXapB BT) RT =37 (16)

The expression for the concentration fluction ia fding-wavelength limit(S.-(0)) can be obtained as
using equation (9) in equations (15c) and (15sl) a

12 12
1 2 x X
SCC(O) = l(m) {RT (xA xB 4V) +xA xA W13 +xB xA BW23) + <ﬁ+i—3+
s 1 (17)
XApB

6GM

Here, >0 for aGM = 0. The prime denotes the differentiations wigispect to concentrations, amg and

xp are obtalned by using Eqn. (Iicxk g IS obtained using Eqgn. (8) by using the condlﬂeﬁ— 0 [10-

11]. The factor ( 1+ P, B !, which appears as a coefficient of all terms doinigx,, x andxA g in

Eqgn. (9), (16) and (17) is a result of changenmlbasis for expressing mole fractions of speCI,eB and
ApB from that used fox; andx,.

The concentration fluctuation in long wavelengthiti(S-. (0)) helps to understand the nature of atomic
order in the binary liquid alloys. At a given contrtion, if Sc. (0) < S (0) then ordering (unlike
atoms pairing) is expected and . (0) > S (0), then segregation (like atoms pairing) is exee,
where S& (0) =x;x,. The experimental values G%c (0) can be obtained from Eqgn. (15d) [12].

Further, the degree of local ordering in the ligaltbys can be studied by estimating Warren-Cowley

short range order parametey, ] with the knowledge 0fS;.(0)) [13-14]. The expression faer; in terms
of S¢cc(0) is
s-1 Scc (0)
a; = m Where, S = ld—(()) andS (0) =X1X> (18)

where Z is the coordination number and Z= 10kenaor our calculation.

The greater insight of microscopic structural prtips can be done by evaluating diffusion coeffitie
which is expressed in terms £f; (0) by using Darken thermodynamic equation [13,dk6

DM X1 X2
M X1x2 19
Diq Scc (0) (19)

where D,, stands for the chemical or mutual diffusion céht andD;; stands for the intrinsic
diffusion coefficient for an ideal mixture whichearelated as

dlnay

DM = Dld ox W|th DM xlDB +x2DA (20)

whereD, andDy are the self-diffusion coefficient of pure compotgeA and B respectively.

3. Results and Discussion

In the present work, we have used regular assdcgtition model to compute the thermodynamic and
microscopic structural behavior of Fe-Pd liquiddinalloys at 1873 K. We have assumed the existance

of FePd; complex in the initial melt at 1873 K. At firshé model parametefé— andk exp ( ) were
estimated using equations (13a) and(13b) with @l of experimental datas of activities coefflcsefﬁ]
With the knowledge of these parameter, the molgibtas of the complexe(sxAp g) andunassociated



SK. Yadav et al. / BIBECHANA 11(1) (2014) 86-93: (Online Publicatio March, 2014) p.90

atoms of(x, andxg) were calculated using the egations (14) andd®pectively. The graph between the
mole fraction of Pd &p, ) vs the mole fractions of the compldgiefd;) and the unassociated monomers
(xpg andxg,) is shown in Fig. 1. It is found that the computemlue of FePd; as a function of
concentration shows maximum associatiorgt = 0.7, which at 8.1 percentage of Pd. This iseluos
the complex forming composition.

Then the other interaction energy parameters

such a and(‘)23 were estimated using the

1.0+ equatlons (11) and (12) with the help of the
values of determined complexes. These values
0.8 Xeq of the interaction energy parameters and the
: X : : ;
X Fe complexes were substituted in equation (8) to
061 estimate the value of the equilibrium constant

Pd’

k. The estimated values of the interaction

. 047 energy parameters and equilibrium constant
02 have been slightly adjusted to explain the
x Xoyre experimental values of the free energy of
00 — : - . mixing Gy [5], using eq_L_Jat'ion (9). The best

0lo 0.2 04 0.6 0.8 1.0 fit values of the equilibrium constant and

X the interaction energies for Fe-Pd liquid

Pd

binary alloys at 1873 K were found to be
Figure 1: Mole fractions Fe, Pd, Fe-Pd vs conc. of Pd irPBdiquid alloys at1873 K.

w

—2=+1.03,
T

w13

2 =44.21and=
T

(u13

k=0.192, =+ 2.06

The theoretical values of the free energy of mixig) were computed using the equation (9) and the
best fit model parameters shown above. The theatatalculations shows that the minimum valu& gf

is found to be atxp; = 0.50 (the theoretical value ofgﬂ = —0.48878 and the experimental value of

GM = —0.48263 [5]). Hence the theoretical analysis suggestlstttmtendency of complex formation in

the Fe-Pd liquid alloys at 1873 K is weaker. Thetgif xp; vs free energies of mixindr(, /RT) is
shown in Fig. 2. It is found that both the estindatalues and the experimental values of the freegies
of mixing are in a good agreement.
The other model parameters were estimated by ssigees

Mo 02 04 06 08 10 approximation by using equation (16) and the expenial
00 ' ' ‘ ‘ 1 values of the enthalpy of mixingH,,) [5]. The best fit
values of the parameterthv,, /0T, 0w13/0T, dw,3/0T
andRT?dInk/dT were found to be

9912 _ 1 20Jmoik L, 2213 13213 molt K%,
oT oT
-3.79J mof K*

6w23
044
and RT-’ dZ‘T" = 39500 + 3500 J mdl

Using the best fit values of the above parameta a
equation (16), the theoretical values of the epthaif
mixing ( Hy/RT) were computed.

-0.14

0.2

G, /RT

0.3

0.5

Figure 2: Free energy of mixingd,,/RT) vs concentration of Pd in Fe-Pd liquid alloy a72&. The solid line is
for the theoretical values anastablack are for the experimental values.
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The enthalpy of mixing is found to be positive tigbout the concentration of Pd. THg /RT is found

to be maximum atp; = 0.50 (the theoretical value dfy,/RT =+ 0.143121 and the experimental value
of Hy,/RT = +0.142287 [5]). The positive values of the elghhaf mixing suggest that the Fe-Pd melt at
1873 K is segregating in nature. It can be obskthiat both the theoretical and the experimenthlesga
are in a good agreement. The theoretical analysissaiggests that the Fe-Pd liquid alloy at 1873 K
weakly interacting system. The plot &, /RT vs concentration of Pd is shown in the Fig. 3.

Using the computed values of the free energy of

0.1 mixing (G /RT) and the heat of mixingH,,/RT), the
0.14 entropy of mixing (Sy/R) can be calculated from
042 equation (15b). The calculated and the observasesal
for the Fe-Pd liquid alloy at 1873 K are found t® b
010+ positive at all concentrations. It can be obserthet
008 both the theoretical and the experimental valug¢®f5
;s 0,06 the entropy of mixing (Sy/R) are in a good
o agreement (Fig. 4).
000 The activity is an important parameter for the iiqu
‘ alloys as most of the thermodynamic as well as the
000% " " VS . microscopic functions depend on it. It can be messu
' ' ' ' ‘ ' in terms of the alloy composition and the tempemtu
Kee The deviations of the behaviour determining paramet

Figure 3: Heat of mixing(H,,/RT) vs concentration of Pd in liquid Fe-Pd alloy a72&; the solid line is for the
theoretical values and the stafslack are for the experimental values.

from the ideal behavior can be incorporated ineadbhtivity.

" The activities of both the monomets, andag (A = Pd and

081 B = Fe) are estimated using equations (10a) anid) (Bbth

051 the theoretical and the observed values [5] ofdatgvities

oal are in a good agreement throughout the whole cdratems
x (Fig. 5).

2 0.3
2]

To understand the microscopic structural behaviothe

0.2 . . . .
liquid alloy, the theoretical values of the concatibn

] fluctuation in long- wavelength Ilimit(S.-(0)) were
A AR e e computed using equation (17) and the ideal valfigg40)
M were computed using equation (18). The computedtand

Pd

Figure 4: Entropy of mixing(Sy /R) vs concentration of Pd in Fe-Pd liquid alloy a72&; the solid line is for the
theoretical values and the stafslack are for the experimental values.

observed values [5] of th&.-(0) are reasonably in a good agreement. Both the atiear and the
observed values [5] of the concentration fluctuatio long-wavelength limit are found to be gredten
the ideal values throughout the whole concentratafrPd (Fig. 6).

Hence, the theoretical analysis suggest that tHed=kquid alloy at 1873 K is segregating in nature.
the associations of like atoms (Pd-Pd and Fe-Fejaaoured in the the liquid state. As a resulivbich
there must be separation of phase in the solid.stat

For the better insight of the local ordering ane tomplex forming behavior of the liquid alloy wave
computed the Warren—Cowley short range order pasar(e,) from the equation (18). The normalized
value of a; lies between -1 to +1. If the computed valueg 0f -1 indicates complete ordering (unlike
atoms pairing), ife; = +1 indicates complete segregating (like atomsrnuy and if ¢;= O indicates a
randomness of atoms in the liquid state. It has1lfeend that the values of short range parametey
are found to be positive and less than 1 for theeesooncentrations of Pd (Fig. 7) which suggeat the
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Figure 5: Activities of the monomers A(=Pd) and B(=Fe) vs
0.8+ 8 concentrations of Pd in Fe-Pd liquid alloys at 18¢3the

@ solid lines are for the theoretical values anddkperimental

values are represented by circles in black (for &) stars in

041 black (for Fe) respectively.

021

0.0

Figure 6: Concentration fluctuation in long-wavelength limit
(S¢c(0)) vs concentration of Pd in Fe-Pd liquid alloy a738
K; the solid lines are for the theoretical valuén® circles are
for the experimental values and the dotted lines far the
ideal values.

S (0

0.9

0.8
0.7
0.6
0.5

0\
\
o Figure 7: The ratio of mutual and intrinsic diffusion
coefficients(D,,/D;;) and Warren — Cowley short range order
parametefa,) vs concentrations of Pd in Fe-Pd liquid alloy at
041 1873 K.

,D,/D,,

0.24
0.1

0.0 T T T T ]
0.0 0.2 04 0.6 0.8 1.0

Fe-Pd liquid alloy at 1873 K is complete segregasgstem. Also, the ratio of the mutual and inidns
diffusion coefficients B,,/D;;) were evaluated using equation (19). The theotetalaes ofD,,/D;,; are
found to be positive and less than one (figure Hictv further verifies the segregating (homo-
coordinating) nature of Fe-Pd liquid alloy at 18%.3



SK. Yadav et al. / BIBECHANA 11(1) (2014) 86-93: (Online Publicatio March, 2014) p.93

4. Conclusion

The theoretical analysis suggests that the FedRadlialloy at 1873 K is weakly interacting systein.
also suggests that Fe-Pd system at 1873 K is ssgrgghomo-coordinating) system. The interaction
energy parameters are found to be positive atatentrations of Pd and are found to be temperature
dependent.
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