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Abstract

The phase diagrams of Fe—Pt and Ni—Pt liquid alloy systems show the existence of FePt

and NiPt intermetallic compounds, respectively, in their solid intermediate states, and the
associative tendency between unlike atoms in these liquid alloys has been analysed using the
self-association model. The concentration dependences of mixing properties such as the free
energy of mixingGuy; the concentration fluctuation§(0), in the long-wavelength limits;

the chemical short-range order (CSRO) parameteras well as the chemical diffusion,

enthalpy and entropy of the mixing of Fe—Pt and Ni—Pt liquid alloys have been investigated to
determine the nature of ordering in the liquid alloys. The results show that heterocoordination
occurs in the alloys at all concentrations. The effect of CSR&g(®), chemical diffusion,

D, and the order parametes;, has been considered. The ordering phenomenon in the liquid
alloys is also related to the effect of the atomic size mismatch voluni00).

Keywords: intermetallic, raoultian behaviour, size mismatch, concentration fluctuations

1. Introduction respectively, are often referred to as liquid alloys. Systems
such as Au-Bi, Bi—Cd, Al-Bi, Ni-Pt and Fe—Pt are examples
A number of theoretical models have been proposed by liquid alloys. All liquid binary alloys can be classified
theoreticians, physicists, chemists and metallurguists @ocording to the deviations of their thermodynamic and
explain the concentration dependence of the thermodynartiiermophysical functions from Raoultian behaviour into two
functions of binary liquid alloys, and thus, extract usefuhain groups: segregating (positive deviation) or short-range
microscopic information on thenmif5]. Many investigations ordered (negative deviation) alloy&{12].
have been reported in the literature on liquid binary A number of intermetallics have attracted particular
alloys, which are of importance from both scientific anihterest in recent years. Intermetallics, i.e. intermetallic
technological points of view. Accurate knowledge of theompounds and ordered intermetallic phases, are a fascinating
mixing properties and phase diagrams of the alloy systemiass of materials, from the points of view of both their
is essential for establishing a good understanding of thendamental properties and their practical applicatick. [
relationship between the experimental results, theoreti¢adr example, the bimetallic catalysts of Pt-Zn show
approaches and empirical models for liquid alloys. anomalous catalytic functions for the hydrogenolysis of
The mixing behaviour of two metals forming binaryesters 14, 15], the hydrogenation of dienes, the conversion of
alloys is the result of the interplay between the energetimsaturated aldehydes to unsaturated alcohols and the partial
and structural readjustment of the constituent elementatidation of methanol]6]. Although little is known about the
atoms. Upon alloying, A and B atoms can remain selfises of platinum-based alloys, since iron, nickel and platinum
coordinated, forming A—A or B—B pairs, or can exhibit are transition metals with nickel and platinum belonging to
strong interactive tendency between unlike atoms, forminige same group of the periodic table (which implies that they
heterocoordinated A-B pairs. Alloys of the typd, An,, possess similar chemical properties), it is likely that Ni—Pt
where M and A are metals or semimetals from differenand Fe—Pt will have similar catalytic properties to various
parts of the periodic table with chemical valenecesand«, applications of Pt—Zn.
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The present interest in liquid Fe—Pt and Ni—Pt is twofoldlloys. Relevant applications of the model can be found in
Firstly, apart from the high academic interest, the widg, 10, 21]. In the model, it is first assumed that the binary
diversity of their physical properties is of great commercialloy consists oNa = x4 N atoms of A and\Ng = xg N atoms
significance. Fe—Pt alloys can be used to monitor redof element B, so that the total number of atoris,is N =
conditions in experiments including, those on Fe-bearimga + Ng. Here xa is the mole fraction of A in the alloy. In
phases]7, 18]. Iron is a ubiquitous element within the Earthaddition, the SAM is based on the assumption that the atoms
and other terrestrial planets and the search continues édrthe constituent elements A and B exist in the form of
suitable container materials for experimentation involving Fé- polyatomic matrix, leading to the formation of like-atom
bearing samplesiB]. Some prospective materials are limitedlusters or self-associates of the typg andB,, i.e.
by their low melting points (e.g. Ag, Au) and/or their tendency
to react with the samples (e.g. [SIQAI,03]), whereas others A=Ay, vB=B,, (1)

can only b_e used under relatively redgcing c;onditions (_e\%hereu andv are the numbers of atoms in the clusters of
Mo, g_rap_hﬁe). In many reSPe‘“s' Pt is an ideal ComamﬁfpeAand type B matrices, respectively. The thermodynamic
matgrlgl, It can_be U_SGd at high temperatures (€.g. 1@90 properties of the demixing liquid alloys are dependent on
and it is essentially inert. Secondly, the thermodynamic dgia,  mber of self-associates—= “. Thus. we make the

obtained from experiments coupled with the atomic sizg);5ing two assumptions: () all the atoms are located
mismatch and negative enthalpy of mixing exhibited among, 5 set of equivalent lattice sites with each havifig
the constituent elements serve as guiding principles for thgarest neighbours; (ii) the interaction is short range and

selection of Pt alloys studied in this work. In additiongfective only between nearest neighbours. Using the Flory
the thermodynamic assessment of Fe—Pt systems has oximation®, 11] (i.e. Z — o), a simple relation for the

performed using the CALPHAD approach (CALculation ofipps free energy of mixing is expressed as
PhAse Diagram) by Fredriksson and Sundniksj, [while the

interaction parameter of the liquid phase in Ni—Pt has been

critically evaluated in20]. Gvw
The knowledge of the structural, thermodynamic an®RT {XA N Xa +(1=Xa) N =Xa) +Xa IN(L= ) + Iny}
thermophysical properties is essential for understanding +Xa(1—Xa)yW (2)

the nature of ordering in liquid alloys. The associative
tendency between unlike atoms in Fe—Pt and Ni-Pt alloysth
is strong, and therefore we have used the self-association W= pw, 3)
model (SAM) [7, 10, 21] here. Various mixing properties
such as the concentration dependence of the free energy

"
of mixing, (Gv/RT); the thermodynamic activityg;; the n= v’ @
concentration fluctuationsS(0), in the long-wavelength 1

limit; the Warren—Cowley chemical short-range order (CSRO) B=1——, (5)
parameter«; and the chemical diffusionD, have been n

observed to deviate negatively from the ideal results, and thus, 1

both alloys belong to the class of liquid alloys that exhibits a Y=1_ X8’ (6)

preference towards heterocoordination (short-range orderin\%erew is the ordered energy or the interchanged energy

In addition, the enthalpy of mixing{y, and the entropy of " . . e
mixing, Su, of Fe—Pt and Ni—Pt molten alloys have also beewzl(;:;_ by definition have the same physical meaning in this

evaluated. The results indicate that the enthaplies of mixir%g
for the alloys are highly symmetric and negative (typical w= Z(eAB — (ema +6BB)/2)» (7)
of ordered systems), while the entropies of mixing for the, .o,
two alloys are symmetrical and positive at all concentrationﬁeighb
indicating atomic order.

ij (i, j =A, B) denotes the energy of the nearest-
ouri—j bond andZ is the coordination number
of the liquid alloy. The model parameters and W are

In se_ctionz,_an overview of the SAM Is _given. Thi? iSindependent of concentration but may depend on pred3ure
followed in section3 by results and discussion for various,,q temperaturg.

thermodynamic fu_nctions inve;tigated using the framework Equation 2) can be used to obtain an expression for
of the SAM. Sectiord deals with the results for Chem'calactivityai (i =A, B),ie.
diffusion, while the results for the enthalpy and entropy of T

- . s : o . 9G
mixing are discussed in sectidh A summary is given in RTIna — M ' (8)
section6. INi J1pn

Recalling thatN = Na + Ng with xa = Na/N and substitut-

2. Model description ing equation %) in equation 8), we obtain the activities as

A simple scheme proposed by Singh and Sommét for W
.. . . . 2,2
demixing liquid alloys, which has been successfully used to INaa =In[xay (1= B)]+ (L —xa)yB + (1 —Xa) RT
study binary liquid alloys, is applied to Fe—Pt and Ni—Pt 9)
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and

2 2 W
Inag =In(Xay) +Xa (1= B)y (L —n)+nxz (1—B)y RT
(10)
Once the expressions f@y and activityg; (i = A, B) are
known, other thermodynamic functions simply follow.

The enthalpy of mixingHy is obtained from the

thermodynamic relationship

dGwm
Hyu=Gu-—-T 11
w=eu=T (%) )
and is given as
ow
Hyw = Xa(1—Xa)yW —Xa(1— XA)VTa—T
p W1 og
+RT?xa(1— L Xy == | =. 12
Xa(1—Xa)y [1—,3 Xay RT:| 3T (12)
The entropy of mixingSy can be expressed as
Su=R[XaInXa — (1 —Xa) IN(1—Xa)]
ow
+R(Xa Inn—In y)— Xa(1l— XA))/a—T
p Wl op
+ — —— — | —=.
RTx(1—Xa)y [1—/3 XaY RT} oT (13)

Table 1.Fitted interaction parameters for Fe—Pt and Ni—Pt liquid
alloys

Alloy T(K) Z W/RT 3dW/dT 98/0T u v
Fe-Pt 1123 10 -7.21 0.001 0 1 1
Ni-Pt 1625 10 -2.58 0.0001 0 1 1
0
0.5 - /]
\ ‘
“10r- X x
: y,

Y \\

Gy 15 - x “ -
2.0 |- 5 o -
25 - X X -
730 L L L L

0 0.2 0.4 0.6 0.8 1.0
Cpy —

Figure 1. Concentration dependence%@ for Fe—Pt liquid alloys
at 1123 K. The solid line represents theoretical values and the
crosses represent experimental valegss the Pt concentration in
the alloy. The experimental data are froR®].

3. Results and discussion

The concentration fluctuations in the long-wavelength limig 1. Free energy of mixing and activity

Sc(0), can be easily calculated from the standard relations

in terms of the free energy of mixing,

932Gy \ "
SC(O) = RT < 2M ) ) (14)
X /1PN
or in terms of activitiesa andag,
dan )t
Sc(0) = (1 — Xpa)an <8_>
XA /1PN
dag )l
" (3(1—XA) T.P.N (15)

Using equations?) and @) or (10), we determine&..(0) as

Xa(1—Xa)
(0) = , 16
0 = T a—xem W) (16)
where
2n2 (W/RT) — (n—1)2[(xa +n(1— X
g(n. W) = (W/RT) —( )2[(Xa +N( A)]. 17)

[(%a +n(L—xa)]*
For ideal mixing, the energy parametes given by
equation {) is equal to zero, and equatiobg) reduces to

2(0) = Xa(1—Xa). (18)

Once S¢(0) is fitted from equation X6), then all other
parameters can be calculated. Thus, equatidhg12), (13)
and (L6) are the essential equations for this investigation.

hi
T%e most important task in performing the numerical

calculation is to fix the number of atoms and v of the
complexes(uFe +vPt= Fe,Pt,) and (uNi+ vPt= Ni,Pt,).
From the phase diagran?], it is clear that Fe—Pt and
Ni—Pt can exists as intermetallic compounds in the solid
state, FeP{u=1,v=1) and NiPt(u=1,v=1) at 1123

and 1625K, respectively, suggesting short-range ordering in
the liquid phase43d]. Of course, it is not unlikely for such
associates to exist in some form in the liquid phase close to
the melting temperature. Onge and v are obtained, then
equation ) can be utilized to determine the optimal values
of the interaction parameters that give the best representation
of the experimental Gibbs free energy of mixi@y . Tablel
shows the values of the fitted interaction parameters for
the liquid Fe-Pt and Ni-Pt alloys. While keeping these
fitted parameters invariant, one can use them to compute
Sc(0), & andwy, and thus, form a basis for explaining the
energetics of the liquid alloys. We have used equati®n (
to calculateGy for both systems, while the experimental
data were taken from2p]. The computed and experimental
values of% as a function of composition are given for
the two alloys in figuresl and 2, respectively. The results
suggest that both systems, Fe-Pt and Ni-Pt, vG{j"
values of —2.496RT and —1.338RT, respectively, are less
strongly interacting than Mg-B{Gi" = [ —3.38RT]) and
liquid amalgams such as Hg—kGI" =[ —3.35RT]) and
Hg-Na(Gli" = [ — 3.23RT]) [24]. From a close examination

of the figures, it is observed that our energy parameters give a
good representation of the experimental free energy of mixing
for the alloys studied. The calculated activities obtained using
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Figure 3. Concentration fluctuations in the long-wavelength limit
(S(0) and S4(0)) versus concentration for Fe—Pt liquid alloys at
1123 K. The solid line represents theoretical values and the crosses
represent experimental values for Fe—Pt. The dots represent the
ideal values§9(0). cpy is the Pt concentration in the alloy.

Table 2. Computed and experimental activity data for Ni—Pt alloy at
1625K. 025
cpt  Theory Experimentg2]

0.1 0.012 0.010
0.2 0.038 0.037
0.3 0.085 0.090

Figure 2. Concentration dependence%!‘f for Ni—Pt liquid alloys
at 1625 K. The solid line represents theoretical values and the
crosses represent experimental valegss the Pt concentration in
the alloy. The experimental data are froR®].
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equation 9) or (10) are compared with the experimental
activities in table2. The results presented in tabPeshow Figure 4. Concentration fluctuations in the long-wavelength limit

that there is good agreement between the experimental 5@3(0) and§4(0)) versus concentration for Ni-Pt liquid alloys at

. . . . ... 1625 K. The solid line represents theoretical values and the crosses
calculated activities of Ni—Pt, while the experimental acﬂwtyepresem experimental \‘/)alues for Ni—Pt. The dots represent the

for Fe—Pt is not available at the temperature of interegieg valuesS9(0). cpy is the Pt concentration in the alloy.
The excellent fits obtained fo&y and the results for the
thermodynamic activity allow the confident use of the fitted
interaction parameters to study the nature of ordering in tlB%
liquid alloys.

The mixing behaviour of liquid binary alloys can
deduced from the deviation &.(0) from the ideal
value, S'cdc(O) =Xa(1—Xa); the presence of chemical order
is indicated if S,c(0) < S9(0); on the contrary, ifS.c(0) >
9(0), then there is a tendency for segregation and demixing
to take place in the liquid alloys. Figur8sand4 show plots of
S.(0) is a significant microscopic parameter in understandirife concentration dependencesyf(0) for Fe—Pt and Ni—Pt at
the nature of atomic order in binary liquid alloy$1] 25). 1123 and 1625 K, respectively. Itis observed from the figures
It is also directly related to thermophysical properties sudhat the compute&.(0) is less than§(0) throughout the
as chemical diffusion6-28]. Once the Gibbs free energyentire range of concentrations in these alloys. This confirms
of mixing, Gy, of a liquid phase is knownS(0) can be chemical ordering, a preference for unlike atoms to pair with
expressed in terms dBy, or in terms of activity,, as in nearest neighbours and a tendency of complex formation in
equations14) and (L5). In principle,S.c(0) can be determined the alloys. It is also noted th&&(0) is symmetrical about
directly from small-angle diffraction experiments, but becaugbe equiatomic compositioo, = cg = 3 for the Ni-Pt alloy
of the difficulty of the experimental procedure it has nevefigure 4), while the poor agreement between the computed
been accomplished successfully. In contrast, the theoretigalues and the experimental data for the Fe—Pt alloy (figure
calculation ofS.(0) is of considerable importance when thgpossibly indicates the limitations of the model used here
nature of atomic interactions in the melt has to be analys€®AM). However, the discrepancies between the experimental
The experimental values d&..(0) for the two systems in and computed results f&(0) for Fe—Pt (figure3) at cp; =
this study were obtained by numerical differentiation of th@.2 can perhaps be attributed to the low order—disorder phase
experimental free energy of the mixing equatiad)( transition temperature of gt (835°C = 1108 K) compared

3.2. Concentration fluctuations, Warren—Cowley CSRO
parameter and ordered energy

4



Sci. Technol. Adv. Mater9 (2008) 015001 Y A Odusote
0 T 5.0 ‘ .
N P
LN A 45+ e Fe Pt |
-0.05 - - C -
o - 40 F .
-0.10 e i .
A T NPT 3.5 - 7
ar -0.15 - \ 7 D30 , N\ N
/ / N
N 2.5 .
-0.20 - ’ 8 : NPt
~ s —
2.0 g
~ o . -
0.25 |- e - - \
’ T——Fc Pt L5/ e N\ A
-0 30 1 L | | 1.0 ) 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0 0 01 02 03 04 05 06 07 08 09 10
Cpt — Cpt —

Figure 5. Calculated Warren—Cowley CSRO parametgr,using Figure 6. Concentration dependence of diffusion coef‘fici%ﬁt,
equation 16) for Fe—Pt and Ni—Pt at 1123 and 1625 K, respectivelyusing equationX8) for Fe—Pt and Ni—Pt at 1123 and 1625K,
respectively.

with that of FePt {1310°C = 1583 K). This is in contrast to

the Ni—Pt system, which has almost the same order—disorder Table 1 shows the values of the parameters used for

phase transition temperatures forsRi (~580°C = 853K) the calculations. Gene_rally, if the ordered energy, is

and NiPt (645°C = 918 K). less than zero, there is a tendency to form unlike-atom
The effect of atomic size mismatch volume &.(0) pairs, and ifw > 0, then like atoms tend to pair together.

in the long-wavelength limit is also considered. The siZdoWever,« =0, indicating that atoms in the mixtures are

ratio is 28 0= > Q. whereQ is the atomic volume. It is Perfectly disorderedl]. Hence, the fact thab < O for Fe—Pt

Q0 2B 7 oA ' and Ni-Pt (tablel) shows that there is a greater tendenc
clear from equation 16) that the values ofS.(0) due to =Pt ( ) show: ISag y

the size mismatch volume®2; = 7.94, 7.43, 10.31, where for unlike atoms to pair in the two alloys, which implies
j =794, 7.43, 10.31,

j =Fe, Ni, Pt, respectively) are always less than the idegterocoordination. In addition, = —7.21 andw = —2.58

values, which suggests chemical order in the alloys. It mu o Fe—_Pt and Ni__Pt’ respecti_vely, which further confirms that
however, be noted that faRa # 28, S(0) deviates from e-Ptis more highly interacting than Ni—Pt.

the ideal value, whereas §t5 = Qg, then S(0) = Sch(O) = _ _ _

XaxXg. Thus, any positive deviation d&.(0) from the ideal 4. Chemical diffusion

value, i.e. segregation, should not be attributed to the atomic . )
size mismatch volume alone. The knowledge 0&.¢(0) has been further used to investigate

To obtain a clear picture of the nature of segregation afe¢ chemical diffusion in the two liquid alloys, which is likely
ordering in the binary liquid alloys, another quantity knowii© Play an important role in many technological and corrosion
as the Warren—Cowley CSRO parameter, [6, 24, 29 is phenomena. Using the Darken thermodynamic equation for

computed. This is related to ti8(0) by diffusion, an expression that relates diffusion &hgl0) can
be established] 9, 27]; thus, one can write
(S_ 1) id
aQ=—=—, (29) Dw S0
_ — = , 21
A=D1 Dt Sc(0) @1
where S.(0) where Dy is the mutual diffusion coefficient anBiq4 is the
= ﬁ (20) intrinsic diffusion coefficient for an ideal mixture, given as
A — AA

For uniformity, we have chosed as 10 in the liquid phase Did = Xa Dg +Xg Da, (22)

[8, 12, 30]. Note that the choice oZ does not significantly with D, and Dg being the self-diffusion coefficients of pure
affect our results. For equiatomic composition, the CSR&mponents A and B, respectively. For ideal mixifig(0) —
parametergy, is found to be—1 < a3 < 1. Negative values sgic(o), i.e. Dy — Djg; for ordered alloys,S(0) < S‘JC%(O),

of this parameter indicate ordering in the melt, and complete. Dy, > Diy; and similarly for segregatiorDy < Diq. The
ordering is indicated byx""=—1. In contrast, positive maximum peak of2" as a function of composition indicates
values ofe; indicate segregation, whereas phase separatige maximum chemical order in a molten alloy system as
takes place itx™™ = 1. The variation ofx; as a function of well as the composition of the most probable associates to
concentration is shown in figurefor the two liquid alloys. be formed in the liquid phas@3, 27]. The computed values

It is seen thatr; is negative across the whole concentratioof S..(0) have been used in equatiofl to evaluate%
range, as expected for ordered systems. This signifies thata function of composition, as shown in figuse It is

the two alloys studied are heterocoordinated systems, dsserved tha%“: is greater than 1 in the entire concentration
evident from the calculations oﬁ—ﬁﬂr and §(0). However, range for these alloys. This is indicative of the presence of
the degree of order is greater in Fe-R{"" = —0.265) at chemical order in the alloys, and further corroborates our
cpe= 0.5 than in Ni—Pt(aT‘” =—0.114 at cp;=0.5. Also, earlier hypothesis that the degree of order in Fe—Pt is higher
a1 is symmetrical about the equiatomic composition. than that in Ni—Pt.
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Figure 7. Enthalpy of mixing, %, versus concentration for Fe—Pt Figure 8. Entropy of mixing, &% vs concentration for Fe-Ptand
and Ni—Pt liquid alloys at 1123 and 1625 K, respectively. The solidNi—Pt liquid alloys at 1123 and 1625 K, respectively. The solid lines

lines represent theoretical values and the crosses represent represent theoretical values and the crosses represent experimental
experimental values for the Ni—Pt allay is the Pt concentration in values for the Ni-Pt alloyce; is the Pt concentration in the alloy.

the alloy. The experimental data are frope]. The experimental data are fror27.

5. Enthalpy and entropy of mixing fluctuations, the Warren—Cowley CSRO parameter, the

chemical diffusion and the enthalpy and entropy of the
It can be seen from equatioril) for Hy that to obtain mixing of the liquid alloys have been used to deduce the
a good fit to this parameter, we need to incorporate ti@ture of ordering in the melts. The associative tendency
temperature dependence of the interaction parameters; agjween the constituent elemental atoms of the liquid alloys
other approximation would be invalid. Using equatioag)( has been analysed by the self-association model. Results on
and (L3), we have ascertained the variation in temperatug@ncentration fluctuationsy.c(0), which are very useful for
parameters from the measured valuesHyf and Sy; the inferring the nature of atomic order in liquid alloys, have been
results are shown in tablé. From the fitted enthalpy of described, and indicate heterocoordination in the liquid alloys
mixing and entropy of mixing, shown in figurés and 8, ~across the entire range concentrations.
respectively, as functions of concentration, one observes that The degree of order in the investigated liquid alloys has
the fit obtained for the Ni—Pt alloy compared well withbeen quantified using the CSRO parametey),(which is
the experimental data, while the fit could not be comparddotted as a function of concentration. Similar $(0), a1
for the Fe—Pt alloy due to the lack of experimental da®iso indicates ordering (heterocoordination) in the alloys.
at the temperature of interest for both the enthalpy and the Darken’s thermodynamic equation for chemical diffusion
entropy of mixing. The values obtained (taldlpshow that has been utilized for relating diffusion an&.(0). The
the temperature dependence of the energy parameters is semputed values of the chemical diffusion coefficient exhibit
and that the enthalpy of mixing for Fe—Pt and Ni—Pt alloys iositive deviations in the entire concentration range for the
highly symmetric and negative (typical of ordered systemsjlloys. This further shows that the degree of chemical order is
in agreement with the free energy of mixinGy, and the greater in Fe—Pt than in Ni—Pt. The effect of the atomic size
enthalpy of mixing,Hy, which exhibit negative deviations mismatch volume or&(0) in the long-wavelength limit is
from Raoultian behaviour for the investigated alloys. also related to the ordering phenomenon in the liquid binary

The entropy of mixing (figure8) for the alloys is alloys.
symmetrical and positive at all concentrations, which indi-
cates atomic order. Generally, one observes that both the dat
reported in the literature and the theoretical values obtaian2 erences
using the intergction parameters and their temperaturﬁ] Singh R N 1987Can. J. Phys65 309
dependence are in good agreement. [2] Bhatia A B and Hargrove W H 1978hys. Re\B 103186
[3] Singh R N and Singh K K 1995lod. Phys. LettB 91729
[4] Akinlade O 199%Phys. Chem. LigR99-21

6. Summary [5] Akinlade O 1995. Metallkd85487-91

. __[6] Odusote Y A, Hussain L A and Awe E O 2007Non-Cryst.
In the present study, it has been shown that the two liquid Solids3531167-71
alloys investigated are characterized by negative interactidf] Akinlade_o and Singh R N 20(4. Metallk.921111-3 _
energies, which implies that the alloys are short-range orderd#l Noz\lgfogg R, Muolo M L and Passerone A 2084rf. Sci549
ft;)llloys. Thle en((ejrgfetlcs of Fe—P;[] a_nthl—Pt(;nolten. alfloys .havg] Singh R N and Sommer F 199 Metallk.83553
een evaluated, focusing 9” their thermodynamic unCt'orf 0] Wilde G, Willnecker R, Singh R N and Sommer F 1997
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