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Abstract

A number of thermodynamic optimisations of the Ni–V system have been carried out using experimental phase diagram and
thermodynamic data available from the literature. In each optimisation, a different model was used to describe the thermodynamic
properties of the sigma phase. The results of the optimisations have been compared with each other and their shortcomings discussed.
 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction descriptions which can be extrapolated to higher order
systems with confidence.

Of fundamental importance to alloy design and develop- The sigma phase appears in 53 binary systems [1]
ment is a thorough knowledge of phase equilibria with containing one element from group V or VI of theA A

respect to temperature, composition and, if appropriate, Periodic Table (type-A element) and one element from the
pressure of the alloy system under study. In order to be first, second or third long period (type-B). Some of these
confident that a component will perform to specification have been modelled successfully [2]. Interestingly, al-
during its service life, it is necessary to know that the though the sigma phase appears in a number of ternary
chemistry of the material will not change in such a way as systems containing nickel (Ni–Cr–W, Ni–Cr–Si, Ni–Cr–
to lead to premature failure. Fe, Ni–V–Co), it is stable in only one nickel-containing

Thermodynamic modelling of phase equilibria is becom- binary system, Ni–V.
ing an increasingly important tool in the design of new In this work are reported the results of modelling the
materials. With appropriate thermodynamic models and Ni–V system using a number of different models for the
databases, it is possible to explore the phase constitution of sigma phase.
multicomponent systems with only a minimal amount of
experimental effort to test the results of the calculations.
Indeed, in some cases, it is possible to predict the 2. The Ni–V system
formation of certain phases which may only physically
appear after prolonged exposure to high temperature, for It is not the intended purpose of this article to present a
example, as the material slowly approaches equilibrium. A complete assessment of the system; this will be published
good example is the case of sigma phase precipitation in elsewhere. However, as the optimisation process involves
Ni-based superalloys. The sigma phase is a hard brittle the use of experimental information it is necessary to give
intermetallic phase, which may well not be present in a some indication of the data available.
structure during the fabrication of a particular component. Assessments of the system are available in the literature
However, at high service temperatures, the phase may [3–5] but only the latest gives optimised thermodynamic
precipitate as chemical equilibrium is approached, accom- parameters.
panied by a deleterious effect on mechanical properties. It The phase diagram is well described across the whole
is important, therefore, to have good thermodynamic composition range by a number of key publications [6–

10]. It is characterised by a large fcc phase field which
extends almost half-way across the diagram. There is also
an appreciable dissolution of Ni in V(bcc), up to a*Corresponding author. Tel.: 144-113-233-2354.

E-mail address: a.watson@leeds.ac.uk (A. Watson). maximum of 24 at% Ni at 12808C [8]. In between the fcc
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and bcc phases there is a large s-phase field spanning the excess Gibbs energy. The excess Gibbs energy is
about 20 at% at low temperatures. In common with described by the Redlich–Kister polynomial [24]:
systems such as Co–V [11], the s-phase is in equilibrium n

E i iwith the liquid phase at higher temperatures. It has also G 5 x x O L(x 2 x ) (2)Ni V Ni V
i50been suggested that a transition exists in this phase

ibetween high and low temperature forms [6,8,12], al- where L are adjustable parameters and take the form
though this feature has not been modelled in this work. a 1 bT.

Three other intermetallic phases are present in the
system, Ni V, Ni V and NiV , the first showing a reason-3 2 3 3.3. Ni V and NiV2 3able homogeneity range at |4 at% at 9008C. A fifth
intermetallic phase may also exist, Ni V [13].8 These compounds were treated as stoichiometric phases.

Heats of mixing of the liquid phase [14] and of
formation of the solid solution phases [15] have been

] ] 3.4. Ni V3measured by calorimetry. G and G in the fcc-phaseV Ni

have been measured by emf and a combination of diffusion
This phase was treated as a stoichiometric phase in thecouple and vaporisation techniques [16–19]. Thermody-

first optimisation. However, in subsequent optimisations,namic data also exist for the intermetallic compounds (DHf the stoichiometry range of the phase was treated using the(Ni V) [20,21], DH (Ni V→fcc) and DH (Ni V→fcc)3 Tr 3 Tr 2 Wagner–Schottky model [25]. This can be expressed in the[22], DH (NiV →bcc1s) [8]).decomp 3 form of the compound energy model, where two sublat-
tices are assumed for the phase, with Ni atoms occupying
the sites in sublattice 1 and V atoms the sites in sublattice 2

3. Optimisation procedure for ideal stoichiometry. In order to model the stoichiome-
try range, V atoms occupy Ni sites and Ni atoms occupy V

Four different optimisations were performed, the main sites as antisite defects. The Gibbs energy of the phase is
difference between them being the model chosen to given as [26]
represent the Gibbs energy of the s-phase in each case.

0 fcc 0 bccThe procedure adopted was essentially the same in each G(Ni V) 5 4(x G 1 x G3 Ni Ni V V

optimisation. Models were chosen to represent the Gibbs 9 9 9 9 99 991 RT [3( y ln y 1 y ln y ) 1 ( y ln yNi Ni V V Ni Nienergy of each phase, where possible appropriate to its
99 99 9 991 y ln y )] 1 DG ? y ? y 1 DGV V Ni:V Ni V Ni:Nicrystal structure. Temperature and composition dependent

parameters of the Gibbs energy expressions were adjusted 9 99 9 99 9 99? y ? y 1 DG ? y ? y 1 DG ? y ? yNi Ni V:V V V V:Ni V Ni

during the optimisation using a least-squares fitting com- n
i iputer program so that the differences between the ex- 9 9 9 9 991O[ L ? y ? y ? ( y 2 y ) ? yNi,V:V Ni V Ni V V

i50perimental data and corresponding values generated from
i ithe optimised Gibbs energy expressions were minimised. 9 9 9 9 991 L ? y ? y ? ( y 2 y ) ? yNi,V:Ni Ni V Ni V Ni

In this way, a set of Gibbs energy expressions were i i i9 99 99 99 991 L ? y ? y ? y ( y 2 y ) 1 LNi:V,Ni Ni V Ni Ni V V:V,Niproduced which is consistent with the phase diagram and
ithermodynamic properties of the system. 9 99 99 99 99? y ? y ? y ( y 2 y ) ] (3)V V Ni Ni V

The DG terms represent the ‘compound’ Gibbs energies3.1. Thermodynamic descriptions of the pure elements iand the L terms the excess Gibbs energies of mixing of
the species on each sublattice. The Gibbs energy of theData for the pure elements were taken from the compila-
phase is given relative to fcc-Ni and bcc-V.tion of Ref. [23]. The reference states chosen were the

stable states at 298.15 K (SER).
3.5. The s-phase

3.2. Models for the liquid, fcc and bcc phases
Four different models were used for this phase, one in

each of the optimisations.These three phases were described using the same
substitutional solution model in each optimisation. The

3.5.1. Substitutional modelGibbs energy of each of the phases is expressed as
Firstly, a simple substitutional model, as used for the

f 0 f 0 f E liquid, fcc and bcc phases, was employed. The BINGSSG 5 x G 1 x G 1 RT(x ln x 1 x ln x ) 1 GNi Ni V V Ni Ni V V
[27] optimisation software was used. A number of differ-(1)
ent combinations of parameters were used, but the best fit

0 f 0 fwhere G and G are the unary descriptions of pure Ni of the calculated to the experimental data was given withNi V
Eand pure V with the structure f (liquid, fcc or bcc). G is two parameters (two coefficients for each parameter) for
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Table 1 sublattices and an arbitrary number of components can be
Optimised parameters with the s-phase treated as a substitutional solution written as
Phase Parameter Value

1 2 3 0 s s EG (f) 5OOOy y y G 1 RTOa Oy ln( y ) 1 G0 m i j k i :j :k s i iLiquid L 2 60 577.89 1 14.71723T si j k i
1L 213 534.30

(4)
0fcc L 2 65 194.06 1 12.81340T
1 sL 221 391.88 where y represents the site fraction of component i oni

0
Ni V D G(Ni V ) 2 15 543.68 1 1.30975T each sublattice s, and the G terms represent the3 f 0.75 0.25 i :j :k

‘compound energies’ or ‘end-members’ which are essen-Ni V D G(Ni V ) 2 22 880.43 1 7.103T2 f 0.666 0.333

tially the Gibbs energies of formation of the phase when0sigma L 2 78 921.00 1 6.93777T
1 each sublattice is completely occupied by only one con-L 215 994.01

stituent. The term a is the relative number of sites on eachs0bcc L 248 802.78115.10139 sublattice.1L 219 042.26
Mixing on each sublattice is assumed to be random, and

ENiV D G(Ni V ) 214 940.4816.309193 f 0.25 0.75 the excess Gibbs energy associated with mixing, G, is
given as

E r r s teach phase. The optimised data are given in Table 1, and G (f) 5OOOOy y y y L 1 ? ? ?m i i j k i ,i :j :k1 2 1 2
i i j k1 2the calculated phase boundaries together with the ex-

r r s s tperimental data are given in Fig. 1. The diagram was 1OOOOOy y y y y L 1 ? ? ?i i j j k i ,i :j , j :k1 2 1 2 1 2 1 2calculated using the Binaire calculation program [28]. i i j j k1 2 1 2

However, the overall fit is quite poor. (5)

The first L parameter given above (for a binary system) is
3.5.2. CEF, three sublattices, (Ni,V) (V) (Ni) the excess Gibbs energy mixing parameter for the mixing18 4 8

Subsequent treatments used variations of the compound of two elements on one sublattice. The second L parameter
energy formalism (CEF) with different sublattice occupa- relates to the case when mixing occurs on two sublattices.
tion. The reason for choosing this type of model is that it Each L parameter is described as a function of temperature
reflects the crystallography of the phase more closely than and composition as in the case of a substitutional solution.
a simple substitutional model. The unit cell of the s-phase contains 30 atoms which lie

The Gibbs energy of a phase f comprising three on five crystallographically independent sublattices. In the
unit cell, the occupancy of the five sublattices is two, four,
eight, eight and eight atoms, with coordination numbers
12, 15, 14, 12 and 14, respectively, and neutron diffraction
studies have given an indication of the preferential oc-
cupancy of each sublattice by each element [29]. Ideally,
the phase should be modelled using the CEF with five
sublattices. However, this would result in the need for 32
end-member parameters, which is far too many to produce
a meaningful modelling of the phase.

Early attempts at modelling the s-phase using the CEF
considered only three sublattices with mixing on just one.
A stoichiometry of (A,B) (A) (B) was used successfully18 4 8

for the modelling of the s-phase in the Fe–Cr [30] and
Fe–V [31] systems, the Fe atoms represented by B in each
case. This reduced substantially the number of optimising
parameters. In order for the modelling of the Ni–V s-phase
to be compatible with these assessments the same model
was chosen here in the second optimisation —
(Ni,V) (V) (Ni) . This model has also been used for the18 4 8

Ni–V s-phase in [5].
The optimised parameters are given in Table 2 and the

phase diagram, calculated using MTDATA [32], is given
in Fig. 2 along with the experimental data. The fit of theFig. 1. The optimised Ni–V phase diagram, produced using a substitu-
calculated phase boundaries to the experimental data istional model for the s-phase with two adjustable excess Gibbs energy

parameters (Table 1). very good. However, this stoichiometry does create prob-
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Table 2 would certainly not allow the extension of the s-phase
Optimised parameters with the s-phase treated using the CEF, field to higher V contents upon the addition of a third
(Ni,V) (V) (Ni)18 4 8 element such as Si, a feature which has been suggested by
Phase Parameter Value Hall and Algie [1]. The consequences of the stoichiometry

0Liquid L 2 71 012.38 1 26.85583T limit can be seen in the optimised Gibbs energy curve for
1L 2 3070.39 2 0.71481T the s-phase. As can be seen in Fig. 3, the curve has an
2L 19 867.95 2 14.62151T unusual, almost ‘L’ shape, and at lower temperatures the
0fcc L 2 52 549.13 1 14.49558T stability range is limited by the stoichiometry allowed by
1L 2 22 796.85 1 9.02933T the model and not by the energetics of the phase itself in
2L 26311.71 relation to the bcc-phase.

Ni V D G 2 51 569.39 1 5.62961T3 f Ni:V This stoichiometry problem is not uncommon and has
D G 4363.13 2 1.06473Tf Ni:Ni led to implementation of new stoichiometries for the s-
D G 32 000.00 1 6.8Tf V:V phase model in order to give a wider possible composition
D G 51 569.39 2 5.62961Tf V:Ni
0 range for the s-phase field.L 26520.17Ni,V:*
1L 414.67*:V,Ni

Ni V D G(Ni V ) 2 14 680.94 1 2.15972T2 f 0.666 0.333

3.5.3. CEF, three sublattices, (Ni,V) (V) (Ni,V)10 4 16sigma D G 5237.58 2 1.74417Tf Ni:V:Ni By combining sublattices with similar coordination
(Ni,V) (V) (Ni) D G 2 11 926.07 1 2.50991T18 4 8 f V:V:Ni numbers a stoichiometry of (A,B) (B) (A,B) is10 4 160L 2 34 962.78 1 14.71808T achieved [2] and has been used successfully in an assess-1L 2 96 606.02 1 9.02933T

ment of the Al–Nb system [33]. This model was used in
0bcc L 2 35 446.36 1 14.67865T the third optimisation with (Ni,V) (V) (Ni,V) as the1 10 4 16L 349.61 2 2.94069T

stoichiometry of the s-phase. By introducing mixing on a
NiV D G(Ni V ) 2 10 341.31 1 2.10677T3 f 0.25 0.75 second sublattice, however, the number of end-members is

increased, resulting in an increase in the number of
lems in relation to the Ni–V system. The s-phase field is variable parameters in the optimisation. This makes it
quite wide, and experimental determinations suggest that it more difficult for the optimisation calculation to converge.
reaches a V content of 73.5 at% at the NiV peritectoid Some simplifications can be made, however, as with this3

temperature of 9008C [8]. This is at the very limits of the model the description allows for parameters corresponding
concentration range allowed by this model (73.3 at%), and to a lattice stability for pure V(s). In this optimisation, the

Fig. 2. The Ni–V phase diagram, calculated using the CEF model with a stoichiometry of 18:4:8 for the sigma phase.
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Fig. 3. Gibbs energy curves at 1000 K for phases in the Ni–V system, with the sigma phase calculated using the CEF with 18:4:8 stoichiometry. Referred
to HSER. Gibbs energies of the stoichiometric phases have been omitted for clarity.

(bcc→s)value for G was taken from the work of Hayes and interactions of the Ni and V on the first and third
Kubitz [34] and was fixed in the calculation. Figs. 4 and 5 sublattices. Mathematically, these high values are required
show the phase diagram and the optimised Gibbs energy in order to give the relatively smooth shape of the Gibbs
curves, calculated using Thermo-Calc [35] and the parame- energy curve required to fit the phase diagram data and, in
ters in Table 3. It can be clearly seen that the Gibbs energy fact, as can be seen by the fit to the experimental data
curve for the s-phase stretches over a wider range of points, this is still not sufficient to accurately model the
composition as expected from the stoichiometry of the system.
model, and this easily covers the range observed ex- A strange kink appears in the Gibbs energy curve for the
perimentally. However, the fit of the optimised phase
diagram to the experimental data is no better than ex-
perienced using the earlier stoichiometry. The thermo-
dynamic description for this phase (Table 3) comprises
very high values for the excess (L) parameters for the

Fig. 5. Gibbs energy curves at 1000 K for phases in the Ni–V system,
with the sigma phase calculated using the CEF with 10:4:16 stoi-

Fig. 4. The Ni–V phase diagram, calculated using the CEF model with a chiometry, referred to HSER. The Gibbs energies of the stoichiometric
stoichiometry of 10:4:16 for the sigma phase. phases have been omitted for clarity.
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Table 3 impossible to obtain a satisfactory thermodynamic descrip-
Optimised parameters for the s-phase using the CEF with the tion of the Ni–V system without it. The stoichiometry
(Ni,V) V (Ni,V) stoichiometry. Parameters for the other phases in the10 4 16 chosen for the s-phase was as before but with an importantsystem are as given in Table 2

change. Mixing was allowed on all three sublattices, giving
Phase Parameter Value (Ni,V) (Ni,V) (Ni,V) . This increases the number of end-10 4 16
sigma D G 15 000f (Ni:V:Ni) members to eight, but now the Gibbs energy curve is
(Ni,V) V (Ni,V) D G 643 467.27 1 315.26082T10 4 16 f (Ni:V:V) produced which stretches the whole composition range,

D G 679 100.78 1 362.7192Tf (V:V:Ni) and, therefore, lattice stability values are required for both
D G 2 000 100 1 23.1Tf (V:V:V)
0 V(s) and Ni(s). Optimisation was carried out using theL 34 550.83 1 59.13219T(Ni,V:V:*)
0L 359 345.45 2 140.786T WinPhad optimisation software.(*:V:Ni,V)

The lattice stability of V(s) was taken from Ref. [34] as
before and that for Ni(s) from Ref. [46]. The optimised

s-phase, suggesting that the phase is not described very parameters are given in Table 4, and the Gibbs energy
well by this optimised dataset. curves calculated from these parameters are shown in Fig.

6. Although the interaction parameters are again numeri-
cally large, in this case, they do not refer to the interactions3.5.4. The modified CEF model
between the atoms on the individual sublattices, but to aThe importance of configurational, configuration inde-
configuration independent contribution to the total Gibbspendent and excitational contributions to the Gibbs energy
energy of the phase. The Gibbs energy curve produced isof mixing has been recognised for many years [36–39].
much smoother than produced in the previous optimi-Unfortunately, the original CEF [40,41], widely adopted
sation, and the consequences of this can be seen by theby the Calphad community, is a wholly configurational
improved fit of the experimental phase diagram data to themodel (the excitational contributions are incorporated in
calculated phase boundaries (Fig. 7). However, the s-the compound energies) in that every term in the Gibbs
phase field boundaries begin to converge at lower tempera-energy expression is a function of the sublattice fractions

s tures despite the suggestion from the only set of ex-( y ). The important but ignored configuration independent
perimental phase diagram information below the peritec-contributions, on the other hand, are a function of the mole
toid decomposition temperature of the NiV phase that thisfractions (x) only. The need to take these into account in 3

may not be the case. Some more work in this region of theCalphad solution modelling was pointed out by Oates et al.
diagram is required to improve the fit. The Ni-rich part of[42] and, subsequently, its incorporation into the CEF was
the curve exhibits kinks which are possibly a consequencesuggested by Sundman et al. [43]. Briefly, one can write
of there being no experimental data in this part of the

DG 5 DG(CEF, config. dependent, site fractions) system for the s-phase.
E

1 DG (config. independent, mole fractions)

or formally
Table 4
Optimised parameters with the s-phase described using the modified CEF1 2 3 0 s sG (f) 5OOOy y y G 1 RTOa Oy ln( y ) with the (Ni,V) (Ni,V) (Ni,V) stoichiometry. Parameters for solutionm i j k i :j :k s i i 10 4 16si j k i phases are as in Table 2

(n) (n)
1 x x O L(x 2 x ) Phase Parameter ValueNi V Ni V

n50
Ni V D G(Ni V ) 2 15 158 1 2.64862*T2 f 0.666 0.333(n)where L are the adjustable excess Gibbs energy parame-
Ni V D G 2 51 400.00 1 5.62961T3 f Ni:Vters. Although the configuration independent contributions D G 4363.13 2 1.06473Tf Ni:Ni

can be related to the volume changes which occur on D G 32 000.00 1 6.8Tf V:V

D G 87 763.00 1 .10566Tmixing, they may also have other origins and, from a f V:Ni
0L 26520.17Ni,V:*Calphad viewpoint, are best handled as a parameterised
1L 414.67*:V,NiRedlich–Kister equation in the mole fractions.

sigma D G 313 800.00 1 125.52TSuch a modified CEF model has recently been incorpo- f (Ni:Ni:Ni)

(Ni,V) (Ni,V) (Ni,V) D G 154 860.00 1 12.976T10 4 16 f (Ni:V:Ni)rated into the ChemSage (model SUBE), Thermo-Calc and
D G 212 931.45 2 226.5477Tf (Ni:Ni:V)WinPhaD [44] software packages. It was found essential to
D G 2 76 580.55 1 380.3742Tf (Ni:V:V)

use the above equation in order to obtain a satisfactory D G 316 102.81 1 121.6633Tf (Vi:Ni:Ni)

thermodynamic description of the Au–Cu system [45] D G 188 140.85 2 113.2029Tf (V:V:Ni)

D G 70 012.76 1 13.1178Tsince it is not possible to describe both the order /disorder f (V:Ni:V)

D G 200 010.00 1 23.1000Tf (V:V:V)temperatures and the enthalpies of mixing without the 0L 2 015 282.341684.0686
inclusion of the configuration independent term. The 1L 494 498.33 1 120.0000T
importance of this configurational independent term is also

NiV DG (Ni V ) 210 793.9912.62023 f 0.25 0.75brought out in the present work in that it is was found
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Fig. 6. Gibbs energy curves at 1000 K for phases in the Ni–V system, with the sigma phase calculated using the modified CEF, referred to HSER. The
Gibbs energies of the stoichiometric phases have been omitted for clarity.

4. Discussion is clear that a multiple sublattice model fulfills this
criterion. But, as shown above, large values for the L

From the above calculations, it can be seen that the parameters can result when using the CEF, but using the
s-phase of the Ni–V system can be described with varying modified CEF can circumvent this as, in this model, the L
success by a number of different thermodynamic models. parameters represent other quantities; even though in the
However, the choice of model is critical and is dependent present optimisation the improvement of the fit of the
on a number of criteria. It is desirable that the model s-phase /bcc boundary was at the expense of the fit to the
should have some relationship with physical reality, and it fcc /s-phase boundary. This reflects the difficulty in op-

Fig. 7. The Ni–V phase diagram, calculated using the modified CEF model for the sigma phase.
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