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bstract
Based on the phase diagram evidence of the existence of three intermetallic compounds, the phenomenon of compound formation in Ni–Ti
iquid alloys has been analysed through the study of surface properties (surface tension and surface composition), dynamic properties (chemical
iffusion) and microscopic functions (concentration fluctuations in the long-wavelength limit and chemical short range order parameter) in the
rame of compound formation model (CFM).

2007 Elsevier B.V. All rights reserved.
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. Introduction

Ni–Ti alloys are principally used as shape memory materials
1–3] due to the martensitic and other metastable transforma-
ions of the NiTi compound. They are suitable as a binder phase
f cermets with TiC, TiN and TiB2 [4], or as constituents or
ubsystem of complex metallic glasses [5]. Together with Ni-
ased superalloys containing Ti they are of great importance
or applications where aggressive thermal and mechanical con-
itions are predominant. Measurements of thermodynamic and
hermophysical quantities on the alloys containing highly reac-
ive titanium are difficult and usually is not possible to cover the
hole range of composition and temperature. The Ni–Ti system

s unique among Ti-systems in which the liquidus and solidus
re precisely determined over the whole range of composition.
he enthalpy of mixing [6–8], the Gibbs free energy of mixing
nd the activities [9–12] of liquid Ni–Ti alloys have been mea-
ured at temperatures ranging from 1740 to 2000 K. These data
ndicate negative deviation from the ideal mixing. The existence
f two congruently melting intermetallic compounds, Ni3Ti and
iTi, and NiTi2, formed by a peritectic reaction [13], substanti-

te the exothermic mixing effects in this system. The asymmetric

ehaviour of its mixing properties is pronounced and can be
artially deduced from the empirical factors such as size ratio
VTi/VNi ≈ 1.51), valency difference (0, 1 or 2) [14] and elec-
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ronegativity difference (≈0.37) [15], but these factors are not
ufficient to characterise the melt.

In order to understand the mixing behaviour in binary liquid
lloys it is necessary to have the information on the energetics
nd the structure of melts as well as the ways how they are cou-
led. The nature of interactions and structural re-adjustement of
he constituent atoms in liquid alloys can be deduced from the
heoretical modelling of observable indicators, such as the ther-
odynamic and the thermophysical quantities [16–18]. On the

ther side, the atomic scale structural information can directly
e evaluated from neutron and X-ray diffraction experiments.
lthough lacking these experimental data can be successfully
escribed by the statistical thermodynamic approach of Bhatia
nd Thornton [19]. It takes into account the Darken stability
unction [20] as a part of the concentration–concentration struc-
ure factor in the long wavelength limit and gives the microscopic
unctions in terms of the thermodynamic functions of mixing.

Liquid binary systems characterised by the presence of one
r more intermetallic compounds in the solid state exhibit a ten-
ency to association of unlike constituent elements [21]. The
ffects of the chemical short range order phenomenon on the
ixing properties of Ni–Ti melts are described by the compound

ormation model (CFM) [22,23]. Since the Ni3Ti is the most sta-
le intermetallic compound in the Ni–Ti system, it was taken as
nergetically favoured in our calculations [10,12]. In the present

ork the thermodynamic and thermophysical properties as well

s the microscopic functions (concentration fluctuations in the
ong-wavelength limit and chemical short range order parame-
er) of liquid Ni–Ti alloys have been reproduced quantitatively
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dx.doi.org/10.1016/j.jallcom.2007.01.176
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y using the CFM. In particular, as concerns the thermophysi-
al properties such as the surface tension, the diffusivity and the
iscosity of liquid Ni–Ti alloys, a complete lack of experimental
ata was observed. Therefore, it is only possible to estimate the
issing values by theoretical models.

. Theory

.1. The CFM and the QCA for regular solution:
hermodynamic and surface properties

The CFM formalism related to a weak interaction approxima-
ion [22,23] has been successfully applied to the Ni–Ti system
o describe the asymmetric behaviour of the mixing properties
n the liquid state with respect to the A3B stoichiometry [13].
n our previous work on the thermodynamic and the surface
roperties of liquid Bi–Pb alloys [24] many details related to the
eak interaction approximation for the A3B stoichiometry in the

ramework of the CFM have been reported. Thus, in the present
ork only the basic equations of this formalism are given. The
eneralised CFM formalism treats an alloy as a pseudoternary
ixture of A atoms, B atoms and AμBν (μ and ν are the small

ntegers) group of atoms or clusters with the stoichiometry of
he intermetallics present in the solid state, all in chemical equi-
ibrium with one another [21–23,25,26]. The absence of clusters
n the melt reduces the model to the quasi chemical approxima-
ion (QCA) for regular solutions [25,26]. Butler’s concept of a
ayered interface structure [27] and the relationship between the
omponent’s activity in the bulk and the surface phase are basic
ypotheses of both models. It should be pointed out that in the
ramework of the models mentioned above some parameters (i.e.
he coordination number, Z, and the order energy parameters, W
nd �Wij) are not concentration dependent. The value of Z is
hosen from the structural data and the order energy parameters
re determined from the thermodynamic data.

For all binary alloys in which intermetallic compounds with
eak interactions are formed, the interaction energy parameters
/ZkBT and �Wij/ZkBT should be less than unity. Using the

tandard thermodynamic relations and after some algebra the
xcess Gibbs energy of mixing, Gxs

M can be given by:

xs
M = NkBT

[(
W

kBT

)
C(1 − C) +

(
�WAB

kBT

)
ΦAB

+
(

�WAA

kBT

)
ΦAA

(
�WBB

kBT

)
ΦBB

]
(1)

here N, kB and T are the Avogadro’s number, Boltzman’s
onstant and the absolute temperature, respectively. C is the
oncentration of A and Φij (i, j = A, B) are the concentration
unctions depending on μ and ν values. For μ = 3, ν = 1 (e.g.
i3Ti) these values are:
ΦAB = 1
5C + 2

3C3 − C4 − 1
5C5 + 1

3C6,

ΦAA = − 3
20C + 2

3C3 − 3
4C4 + 2

5C5 − 1
6C6,

ΦBB = 0 (2)

w
t

α
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aking account the stoichiometry of A3B, the expressions for the
ctivity coefficients [28] and standard thermodynamic relations,
he activities can be expressed as:

A = C exp

[
Wφ + �WABφAB + �WAAφAA

kBT

]
(3a)

B = (1 − C) exp

[
Wf + �WABfAB + �WAAfAA

kBT

]
(3b)

here f, φ, φij and fij (i, j = A, B) are the functions of bulk
oncentrations which for μ = 3 and ν = 1, take the form [28]:

φ = (1 − C)2,

φAB = 1
5 + 2C2 − 16

3 C3 + 2C4 + 14
5 C5 − 5

3C6,

φAA = − 3
20 + 2C2 − 13

3 C3 + 17
4 C4 − 13

5 C5 + 5
6C6 (4a)

f = C2, fAB = − 4
3C3 + 3C4 + 4

5C5 − 5
3C6,

fAA = − 4
3C3 + 9

4C4 − 8
5C5 + 5

6C6 (4b)

n the framework of the CFM the connection between the bulk
nd the surface properties has been established through the grand
artition functions [22,25] providing a relation between bulk and
urface compositions in terms of the surface tension, as [28]:

= σA + kBT

α
ln

Cs

C
+ W

α
[p(f s − f ) − qf ]

+
∑

i,j=A,B

�Wij

α
[p(f s

ij − fij) − qfij] (5a)

= σB + kBT

α
ln

1 − Cs

1 − C
+ W

α
[p(φs − φ) − qφ]

+
∑

i,j=A,B

�Wij

α
[p(φs

ij − φij) − qφij] (5b)

here σA and σB are the surface tensions of the components A
nd B, respectively. As in the case ofGxs

M (Eq. (1)), the expression
or surface tension derived by the CFM formalism includes the
oncentration functions defined in (4a) and (4b). The functions
s
ij and f s

ij can be calculated by Eqs. (4a) and (4b) substituting
he bulk concentration C by the surface concentration Cs. p and
are the surface coordination fractions; for closed-packed struc-

ure the values of these parameters usually are taken as 1/2 and
/4, respectively [25]. α is the mean surface area of the alloy,
alculated by:
ith the surface area of each atomic species, αi, expressed in
erms of the atomic volume Vi [14].

i = 1.102N−2/3V
2/3
i (7)
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The mixing behaviour of liquid binary alloys in which the for-
ation of “complexes” does not take place can also be described

y the Quasi Lattice Theory (QLT) [25]. The activity coefficients
an be easily obtained by using the Fowler–Guggenheim method
29] and the surface tension for regular alloys can be expressed
s:

= σA + kBT (2 − pZ)

2α
ln

Cs

C

+ ZkBT

2α

[
p ln

(βs − 1 + 2Cs)(1 + β)

(β − 1 + 2C)(1 + βs)
− q ln

β − 1 + 2C

(1 + β)C

]

(8a)

= σB + kBT (2 − pZ)

2α
ln

1 − Cs

1 − C

ZkBT

2α

×
[
p ln

(βs + 1 − 2Cs)(1 + β)

(β + 1 − 2C)(1 + βs)
− q ln

β + 1 − 2C

(1 + β)(1 − C)

]

(8b)

here the auxiliary variable β is defined by the order energy
erm, W.

=
[

4C(1 − C) exp

(
2W

ZkBT

)
+ (1 − 2C)2

]1/2

(9)

s is the function obtained from Eq. (9) by substituting the bulk
oncentration C by the surface concentration Cs.

.2. Microscopic functions

The concentration–concentration structure factor in the long
avelength limit, Scc(0), is an important microscopic function

19] in describing the nature of mixing of liquid alloys such as
hemical order and segregation. Once the Gibbs energy of mix-
ng of the liquid phase, GM, is known, Scc(0) can be expressed
y GM, or in terms of the activities, aA and aB, as:

cc(0) = RT

(
∂2GM

∂C2
A

)−1

T,P,N

= CBaA

(
∂aA

∂CA

)−1

T,P,N

= CAaB

(
∂aB

∂CB

)−1

T,P,N

(10)

ith μ = 3 and ν = 1, Eqs. (3a), (3b), (4a), (4b) and (10) give Scc
n the form:

cc(0) = (1 − C)a

exp((Wφ + �WABφAB + �WAAφAA)/(kBT ))
[
1 + ((C

= CaB

exp((Wf + �WABfAB + �WAAfAA)/(kBT ))
[
1 − ((1

here φ′, f′, φ′
ij and f ′

ij (i, j = A, B) are the first derivatives of the
unctions defined in (4a) and (4b) with respect to C (=CA).For

deal mixing the energy parameters W and �Wij become zero,
nd Eq. (11) reduces to:

cc(0, id) = C(1 − C) (12)

b
m
r

nd Compounds 452 (2008) 167–173 169

kBT ))(Wφ′ + �WABφ′
AB + �WAAφ′

AA)
]

)/(kBT ))(Wf ′ + �WABf ′
AB + �WAAf ′

AA)
] (11)

wing to difficulties in diffraction experiments, the theoretical
etermination of Scc(0) is of great importance when the nature
f atomic interactions in the melt has to be analysed. The mix-
ng behaviour of liquid binary alloys can be deduced from the
eviation of Scc(0) from the ideal value Scc(0, id). The presence
f chemical order is indicated when Scc(0) < Scc(0, id), on the
ontrary, if Scc(0) > Scc(0, id), the segregation and demixing in
iquid alloys take place. In order to quantify the degree of order
nd segregation in the melt, another important microscopic func-
ion, known as Warren–Cowley short-range order parameter, α1
30,31] is used. α1 is related to Scc(0) by:

Scc(0)

C(1 − C)
= 1 + α1

1 − (Z − 1)α1
(13)

or equiatomic composition, the chemical short-range order
CSRO) parameter is found to be −1 ≤ α1 ≤ 1. The negative
alues of this parameter indicate ordering in the melt which
s complete if α1 = −1. On the contrary, the positive values of
1 indicate segregation, leading to complete phase separation if
1 = 1.

.3. Diffusion

The mixing behaviour of two alloy forming molten metals
an be analysed at the microscopic scale in terms of diffusion
nd viscosity. The formalism that relates diffusion and Scc(0)
ombines the Darken’s thermodynamic equation for diffusion
ith the basic thermodynamic equations in the form [32]:

Dm

Did
= SCC(0, id)

SCC(0)
(14)

here Did is the intrinsic diffusion coefficient for an ideal mix-
ure and Dm is the mutual diffusion coefficient, given as:

m = CDB + (1 − C)DA (15)

ith DA and DB being the self-diffusion coefficients of pure
omponents A and B, respectively. According to Eq. (14)
cc(0) < Scc(0, id) typical of compound forming alloys implies
m > Did. A peak on the diffusivity curve, Dm/Did versus C sug-
ests the presence of maximum chemical order in molten alloy
ystem as well as the composition of the most probable asso-
iates formed in the liquid phase [21]. The relationship between
cc(0) and the diffusivity expressed by the ratio of the mutual
nd self-diffusion coefficients, Dm/Did, indicates the mixing
ehaviour of alloys, i.e. the tendency to compound for-
ation or phase separation for Dm/Did > 1 and Dm/Did < 1,

espectively.
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. Results and discussion

In order to understand the mixing behaviour of the liquid
i–Ti system, the phase diagram [13] and various thermody-
amic functions have been analysed [6–9]. The Ni–Ti phase
iagram indicates the presence of three intermetallic phases
n the solid state [10–12]. The optimised data set related to
he excess Gibbs energy of mixing, Gxs

M of liquid Ni–Ti phase
12] together with experimental data on the activity [9] and the
nthalpy of mixing [6–8] are taken as input data for the calcu-
ations of order energy parameters. A normalised form of the
ibbs free energy of mixing of liquid Ni–Ti alloys, expressed

s GM/RT is shown in Fig. 1. The experimental data [9] and the
heoretical results [12] calculated at T = 1873 K exhibit minima
f about −1.901 and −2.149, at CTi = 0.4 and 0.43, respectively,
ndicating that the tendency of compound formation in the Ni–Ti
iquid phase is not strong. The same can be concluded from the
ctivity data [9] (Fig. 1). The enthalpy of mixing measured at dif-
erent temperatures ranging from 1740 to 2000 K [6–8] exhibits
he same asymmetry (Fig. 2). The displacement of the expected
ompositional location of the Ni3Ti from CTi = 0.25 to 0.4 can
robably be attributed to the simultaneous formation of a com-
ound of stoichiometry NiTi, as it was observed in the case of
u–Sn liquid alloys [33]. Unfortunately, in the present formu-

ation of the CFM the effects of the second intermetallic can
ot be taken into account. The computed values of the order
nergy parameters in units of kBT at 1873 K are W = −2.54,

AB = −6.25, WAA = 1.06 and WBB = 0.0, while at 1973 K they
re W = −2.43, WAB = −5.48, WAA = 0.93 and WBB = 0.0. In all
alculations the coordination number, Z, in the liquid phase was
aken as 10 [25,26].

.1. Surface properties: surface tension and surface

egregation

Regular alloys usually mean symmetry of their mixing
roperties and microscopic functions around the equiatomic

ig. 1. Concentration dependence of Gibbs free energy of mixing (GM/RT)
nd activity coefficients (aNi and aTi) of liquid Ni–Ti alloys at 1873 K. (—)
alculated [12] and (�) experimental [9].

e
[
a
T
E
s
c
o
u
m
c
s
N
c
r

b
s
r
r
b
s
t
A

ig. 2. Concentration dependence of enthalpy of mixing (HM/RT) in liquid
i–Ti alloys calculated at 1873 K (—) together with the experimental data (+,
) [8], (�, *) [7] and (�) [6].

omposition as well as a similar size of their constituent atoms.
n the contrary, in the case of the compound forming alloys

nd in particular in strongly interacting systems, a pronounced
symmetry of all properties over the concentration range takes
lace, even when the constituent species do not differ greatly
n size. The QCA for regular solution describes correctly the

ixing behaviour of regular alloys, while it can be applied to
he compound forming alloys only as the first approximation.
he CFM reproduces fairly well the thermodynamic and the

hermophysical quantities as well as the microscopic functions
f that class of liquid alloys. The effect of short range order on
heir surface properties was usually estimated from the differ-
nce in the corresponding property obtained by the two models
33]. In this paper, the surface properties of liquid Ni–Ti alloys
t 1873 K were considered in the framework of CFM and QCA.
he surface segregation calculated by the CFM is obtained by
qs. (5a) and (5b), while in the case of the QCA for the regular
olution the same is obtained by Eqs. (8a) and (8b). The cal-
ulated values suggest the segregation of Ti for concentrations
f CTi > 0.32 (Fig. 3). At variance with the “normal” behaviour,
p to CTi < 0.32 (Ni-rich alloys), the results obtained by both
odels indicate the segregation of Ni. The presence of asso-

iates or clusters in the liquid phase as represented by the CFM
lightly decreases the segregation of Ti and increases that of
i, the maximum difference being found at compositions that

orrespond to the NiTi and the Ni3Ti intermetallic compound,
espectively.

Numerous theoretical and experimental literature data on
inary liquid alloys show that the component having lower
urface tension value always segregates. An exception is rep-
esented by the theoretical study on Cu–Ni liquid alloys, as
eported by Prasad and Singh [34] and experimentally confirmed

y Sakurai et al. [35]. These authors reported the “unexpected”
egregation of Ni in the Cu-rich part of the system. Up to now,
he exact mechanism of this inversion is not yet established.
ccording to [35], one possible mechanism of the observed
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ation from the ideal values, Scc(0, id) is used as an indicator
to determine the mixing tendency in binary alloys expressed in
terms of ordering or segregation. The variation of Scc(0) with
composition shown in Fig. 5 clearly indicates a tendency of
ig. 3. Surface composition (Cs
Ti) vs. bulk composition (CTi) in liquid Ni–Ti

lloys calculated by the QCA (curve 1) and by the CFM (curve 2) at 1873 K.

rossover is the increase of the regular solution parameter at
he surface due to bond relaxation that may lead to phase sep-
ration in the surface layer. A similar explanation was given
y Prasad and Singh [34], underlying the possibility that the
rder energy parameters of the bulk could be different (less
egative) from that in the surface phase. For the sake of simplic-
ty, in the framework of the CFM both interaction energies are
aken as invariants of the system, and for almost all binary alloys
his approach can be successfully applied. To reveal the exact
echanisms of this inversion phenomenon further investigations

re needed.
Surface tension data on pure Ni [36] and Ti [37] were taken

rom the literature. For liquid Ti, surface tension data [37] are
xtrapolated from the Ti-melting point to 1873 K. Once the sur-
ace composition, Cs

i , is known, the surface tension of binary
iquid alloys can be calculated by inserting these values into
ne of the equations, Eqs. (5a) and (5b) or Eqs. (8a) and (8b),
or compound forming alloys or for regular alloys, respectively.
he clustering effects on the surface tension and surface seg-

egation are reciprocal, and thus the surface tension isotherm
btained by the CFM is higher than that calculated by the QCA
Fig. 4), in agreement with the previous considerations related
o the segregation on the surface of Ni–Ti melts (Fig. 3).

The surface tension isotherms of the Ni–Ti system computed
t 1873 K are shown in Fig. 4 together with some marginal exper-
mental data reported by [4]. Both isotherms exhibit extremely
igh deviation from the ideal solution in the composition range
etween the two intermetallic compounds, NiTi and Ni3Ti.
s concerns the experimental surface tension data on liquid
i–Ti alloys, there are only the data reported by Eremenko and
izhenko [4]. These authors measured the surface tension of

i-rich alloys containing up to 2.59 at.% Ti at 1823 K (Fig. 4).
ue to the high reactivity of Ti in the presence of even small

mount of oxygen they had great experimental difficulties, and
fter experiments their samples were covered by a quite visi-

F
i
i

ig. 4. Surface tension of liquid Ni–Ti alloys calculated at 1873 K (1, the QCA;
, the CFM; - - -, the ideal solution model), (*) experimental data measured at
823 K [4].

le film of oxide [4]. Accordingly, these experimental data can
ot be considered as reliable, and it was impossible to make a
omparison with our theoretical results.

.2. Microscopic functions: concentration fluctuations in
he long-wavelength limit and chemical short-range order
arameter

The ordering phenomena in the Ni–Ti system have been
nalysed by concentration fluctuations in the long-wavelength
imit, Scc(0), and the CSRO parameter, α1, as functions of the
ulk compositions. Scc(0) was calculated by Eq. (11). Its devi-
ig. 5. Concentration fluctuations in the long-wavelength limit (SCC(0), SCC(0,
d)) and chemical short-range order parameter (α1) vs. bulk composition (CTi)
n liquid Ni–Ti alloys calculated at 1873 K.
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ig. 6. Diffusivity (Dm/Did) in liquid Ni–Ti alloys vs. bulk composition (CTi)
t 1873 K.

eterocoordination, i.e. a preference of unlike atoms as nearest
eighbours over the concentration range. The maximum devia-
ion |Scc(0)–Scc(0, id)| can be used as an indicator of the possible
toichiometric composition of the chemical clusters in the liquid
hase [16,21]. Applying this criterion, the maximum compound
orming tendency appears in the composition range between
i3Ti and NiTi.
The negative values of α1 substantiate that this alloy system

elongs to the compound forming alloy group. The position of
heir maximum values reproduces fairly well the most probable
luster stoichiometry of Ni3Ti (Fig. 5).

.3. Diffusivity

The calculated diffusivity for liquid Ni–Ti alloys yield val-
es of Dm/Did > 1 over the whole concentration range indicating
compound forming tendency. The calculations reproduce

airly well the maximum compound forming tendency with
m/Did ≈ 4.5 at CTi ≈ 0.32, which is slightly shifted from the

omposition Ni3Ti (Fig. 6).

. Conclusions

The QCA and the CFM have been used to study the ther-
odynamic and the thermophysical properties of liquid Ni–Ti

lloys, namely surface tension and diffusivity. Surface prop-
rties of Ni–Ti liquid alloys were predicted by the CFM and
CA indicating the segregation of Ti for CTi > 0.32, while Ni-

egregation was observed for Ni-rich alloys. Although a similar
egregation behaviour was observed in the case of Cu–Ni liq-
id alloys, up to now an adequate theoretical description is not
vailable. The thermodynamic properties of liquid Ni–Ti alloys
xhibit negative deviations from Raoult’s law and, as expected,

he calculated surface tension isotherms deviate positively. Ther-

odynamic, surface and transport properties together with the
icroscopic functions (concentration fluctuations in the long-
avelength limit and chemical short range order parameter)

[

[
[
[

nd Compounds 452 (2008) 167–173

ndicate a compound forming tendency in this system. The lack
f the data on thermophysical properties makes it impossible to
ompare the obtained theoretical results.
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