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Abstract

The p phase has been studied in different systems (Ta—Ni, Mo—Co, Nb—Ni) as a function of the composition. In addition, its stability in
the Mn—Si system has been investigated. The atom distribution on the five different sites of the crystal structure has been obtained from
Rietveld refinement of X-ray powder diffraction data. These experimental data are compared to the values computed from first principles
results and from existing Calphad assessments of the different systems. Conclusions are drawn concerning the model to be chosen for

describing this phase.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The p phase is a hard-brittle intermetallic compound
showing up in various systems involving transition metals.
It may appear in industrial Ni-, Co- or Fe-based alloys in
which early 4d or 5d refractory metals (Nb, Ta, Mo, W) act
as strengthening elements. It is detrimental because its
precipitation induces a local depletion of the matrix in these
alloying elements and its needle morphology can easily
initiate rupture. Its presence should be avoided, or, at least,
carefully controlled. Therefore, its range of stability should
be accurately studied, in particular with the Calphad
approach well adapted to the modelling of multicomponent
systems. The p phase has recently been shown to be able to
store reversibly significant amount of hydrogen in different
systems [1,2].

At present, the w phase has been reported and confirmed
to exist in 12 binary A—B systems, where A is a 4d or 5d
element among Nb, Ta, Mo or W, and B is a 3d element
among Fe, Co, Ni or Zn. Its crystal structure is typified by
WFe; compound which crystallizes in the space group R3m
with an ideal atomic distribution among the sites as follows
(in hexagonal setting): W in sites 6¢; (0, 0, 0.167), 6¢, (0, 0,
0.346), 6¢5 (0, 0, 0.448), and Fe in sites 3a (0, 0, 0) and 184

* Corresponding author. Tel.: +33-1-49-78-1211; fax: +33-1-49-78-
1203.
E-mail address: jean-marc.joubert@glvt-cnrs.fr (J.-M. Joubert).

0966-9795/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.intermet.2004.04.036

(0.833,x,0.167) [3]. This model, with full occupancy of
each site by one given atom, allows to describe a
composition of 46.2 at.% A which will be referred to as
the stoichiometric or ideal composition in the following
text. However, the . phase is characterized by a large non-
stoichiometry. In Fig. 1, has been plotted its reported
homogeneity range for the different systems in which it
appears (no data are available concerning the homogeneity
range of the Ta—Zn w phase). The homogeneity domain is
often quite large (up to 12 at.%). The deviation from the
ideal composition may occur both towards A-rich and A-
poor sides. The . phase exists at its ideal composition only
in a few systems (Ta—Co, W—-Co, Mo—Co). Only scarce
data [4-6] exist on the accommodation of the non-
stoichiometry in this phase. Those authors all studied only
one composition and proposed atom mixing on a single site
(3a). This only defect does not allow describing the
composition ranges observed in all the systems, in particular
in Ta—Ni, Nb—Ni and Ta—Co.

Ansara et al. [7] discussed the different Calphad models
of the w phase reported in the literature. The ability of these
models to describe the different systems where this phase
appears was commented with respect to the available phase
diagram and crystallographic data. The lack of truthful
experimental data in many systems was enlighted. Joubert
and Feutelais [8] presented site occupancies obtained from
the Rietveld refinement for five different compositions of
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Fig. 1. Homogeneity range of the known binary w phases [26] ([8] for Nb—
Ni system). No data concerning the homogeneity domain are available for
the Ta—Zn . phase.

the w phase in the system Nb—Ni. The mixing on site 3a was
confirmed but also shown on sites 6¢; and 18h. Their
approach is here extended to other systems with the
following aims: (i) determine accurate stability ranges in
several systems, (ii) determine the atomic distribution on the
different sites by crystallographic methods, and (iii) propose
a coherent model for the Calphad description of the w phase
in the whole concentration range where the phase exists in
different systems.

In addition to Nb—Ni system in which the highest
composition of the A element is reported, another system
extending on the A-rich side, Ta—Ni, was chosen. Among
the systems for which the w phase exists in A-poor region,
Mo—-Co was studied because it also allows studying the
phase at the stoichiometric composition. Finally, a . phase
was reported to exist in the Mn-Si system at the
composition MngSi at 600 °C by Gladyshevskii et al. [9].
However, the existence of this phase was not confirmed, and
it was not taken into account in subsequent reviews of the
system [10]. A careful investigation was therefore con-
ducted in this area.

2. Experimental

The experimental procedure used was the same for Ta—
Ni and Mo—Co alloys. Due to the high melting point of the
A element, they were synthesized by arc melting of the pure
elements (Ta 99.9%, Ni 99.9%, Mo 99.9%, Co 99.99%)
under argon atmosphere. Equilibrated alloys were obtained
after 13 days at 1200 °C (Ta—Ni) or 38 days at 1150 °C
(Mo-Co) annealing treatments. The compositions studied
were chosen in the two adjacent two-phase fields and in the
single phase region. This allows obtaining the crystal-
lographic properties of the w phase as a function of
composition in the whole homogeneity range, in a
temperature region where it is expected to be the largest.
Mn-Si Mn 99.98%, Si 99.999%) alloys were induction
melted under argon atmosphere and equilibrated at 600 °C

for 32 days. Whatever the system, the equilibration
treatment took place in a silica tube sealed under vacuum
(Mo—Co) or argon (Ta—Ni, Mn—Si) atmosphere. The alloys
were protected from a possible reaction with silica by a
tantalum foil with which no reaction was observed, and
quenched by throwing the silica tube in cold water.

The p phase composition as well as the composition of
the secondary phase, when possible, was obtained by
electron probe microanalysis (EPMA—Camebax SX100).
All the samples were sufficiently brittle to be reduced easily
to powder in an agate mortar. The powder was deposited on
a doublesided adhesive tape. X-ray diffraction measure-
ments were performed at room temperature with a Philips
PWI1710 diffractometer equipped with a rear graphite
monochromator with Cu K, radiation. Rietveld analysis of
the powder diffraction data was conducted with the program
Fullprof [11]. The secondary phase, when present, was
included in the refinement with its crystal structure from the
literature data. The refinement procedure was identical to
the one adopted in the study of the Nb—Ni w phase [8].
Contrary to what occurred in that system, no significant
preferential orientation was observed and the related
parameters were therefore not refined. As previously
described, the lattice parameters, the variable coordinates
and the occupancy parameters at each site could be
obtained. For these latter parameters, and as previously
explained, the total amount of each element was constrained
to match the analyzed composition of the phase as measured
by EPMA. This is sufficient to adjust the scale factor and
allows refining the distribution of the elements over the five
sites. The estimated standard deviations of the lattice
parameters and of the atomic positions have been multiplied
by the so-called Bérar’s factor (~2).

3. Results

The numerical results concerning all the alloys are
presented in Table 1. The analyzed composition of the w
phase measured by EPMA, together with the one of the
second phase in equilibrium, when it exists and when it has
been possible to analyze it, are presented. The lattice
parameters, atomic coordinates and occupancy parameters
at the different sites are listed. An example of refinement is
given in Fig. 2.

3.1. Ta—Ni

Secondary phases were observed for the samples
synthesized outside the homogeneity domain of the
phase. As expected from the phase diagram [12], the two
phases in equilibrium with the p phase are TaNi, with the
MoSi, structure type on the Ta-poor side, and Ta,Ni with
Al,Cu structure type on the Ta-rich side. Both phases were
observed in the diffraction patterns and were taken into
account in the refinement. They were both analyzed by



Table 1

Rietveld refinement results for the w phase in each sample

Nominal composition
pu—Pohase composition
a(A)

c(A)

Vv (A%

26l

26c2

26c3

X18h

Z18h
A occupancy 3a

(atom/fractional)
A occupancy 6¢;
(atom/fractional)
A occupancy 6c¢,
(atom/fractional)
A occupancy 6¢3
(atom/fractional)
A occupancy 18k
(atom/fractional)
Second phase (Wt%)

R, (%)
X

Ry (%)

Tay;7Nis;

Tas g3)Nisg 2(3)
4.899(1)
26.764(7)
556.4(3)
0.1651(4)
0.3440(4)
0.4498(5)
0.8305(37)
0.2552(7)
2.67(4)/0.889(14)

5.67(5)/0.945(8)
5.41(6)/0.901(8)
4.63(6)/0.771(8)
1.83(6)/0.102(2)

T334.4<2>N165.6(2)

MoSi, type (a = 3.154 A,

¢ =17.904 A) (19 wt%)
16.8

5.0

10.0

Tas; 5Ni7.s
Tas3.1(7)Niss.0(7)
4911(1)
26.836(6)
560.4(2)
0.1654(3)
0.3444(3)
0.4502(4)
0.8373(24)
0.2555(6)
2.44(3)/0.814(10)

5.76(4)/0.960(7)
5.82(4)/0.971(7)
5.15(4)/0.859(7)

1.54(4)/0.086(3)

14.4
43
74

Tas7Niy;

Tass o6)Niss.oc6)
4.929(1)
26.967(3)
567.5(1)
0.1652(2)
0.3460(2)
0.4507(2)
0.8380(18)
0.2559(4)
2.30(4)/0.768(12)

6/1
5.83(6)/0.972(10)
5.72(5)/0.954(9)
1.60(5)/0.089(3)

Ta_667Ni-333

ALCu type (a = 6.190 A,

¢ =4.866 A) (19 wt%)
16.4

2.0

7.8

MossCog
Mo040.7(2)C059.3(2)
4738(1)
25.484(4)
495.5(2)
0.1655(3)
0.3483(3)
0.4521(4)
0.8379(15)
0.2561(5)
0.10(6)/0.033(19)

5.23(8)/0.872(14)
6.01(8)/1.002(14)
4.56(7)/0.760(12)
—0.02(8)/—0.001(4)
M019.0(1)C081.0(l)a
hep(a = 2.559 A,

¢ =4.125 A) (9 wt%)
14.0

3.7
5.8

Moy6.15C0s3 85
Moys.3(2)C054.7(2)
4.761(1)
25.590(4)
502.4(1)
0.1656(2)
0.3474(2)
0.4518(2)
0.8356(10)
0.2560(3)
0.60(4)/0.201(12)

5.70(5)/0.950(8)
5.90(5)/0.984(8)
5.28(5)/0.881(8)

0.18(5)/0.010(3)

9.5
4.1
4.9

Mos;Cosg

Moyg 12)C0s1.9¢2)
4.776(1)
25.697(6)
507.6(2)
0.1649(3)
0.3467(3)
0.4521(5)
0.8314(19)
0.2556(5)
1.92(6)/0.638(21)

5.46(8)/0.910(13)
6.01(10)/1.002(15)
4.32(8)/0.720(13)
1.06(8)/0.059(4)

bee (a = 3.147 A)
(11 wt%)

13.2
3.6
6.1

MngsSi; s
Mngy 7(1ySiis.31)
4.693(1)
25.571(1)
487.6(1)
0.1662(4)
0.3476(4)
0.4554(4)
0.8363(12)
0.2554(25)
3/1

6/1
6/1
5.60(7)/0.933(12)
12.55(7)/0.697(4)

R phase (a = 10.885 A,
c=19.168 A) (38 wi%)

13.6
4.6
5.3

Indicated: the nominal composition, the w phase composition as obtained by EPMA, the lattice parameters in the hexagonal description, the variable atomic coordinates, A (Ta, Mo or Mn) atom occupancies
on the five sites (in atom per site and fractional), the nature and quantity of the secondary phase when present, and conventional Rietveld agreement factors on whole diagram (R,,, background corrected) and on
the integrated intensities of reflections corresponding to the . phase (Rgp), as well as the goodness of fit (x*). Estimated standard deviations referring to the last digit are indicated between parentheses.

? Analyzed in another sample of composition Mo33 3C0¢6 7 (se€ text).
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Fig. 2. Rietveld plot of the sample Moy 15C0s385. Observed (dots) and
calculated (full lines) curves with difference curve below. Line positions are
indicated by vertical bars.

EPMA but a reliable compositional analysis could only be
obtained for TaNi,, due to a very thin structure of the
precipitates of Ta,Ni. In each case the amount of the
secondary phase obtained by the X-ray analysis is in
agreement with the values expected from the lever rule. The
limits of the homogeneity domain of the p phase at 1200 °C,
the heat treatment temperature, are given by the EPMA
analysis of those two two-phase samples: 51.8 and 55.0 at.%
Ta. These limits are in relatively good agreement with
previous measurements of diffusion couples at the same
temperature (50.7-55.3 [13], 50.5-54.2 [14]). a and ¢
lattice parameters show a perfectly linear increase as a
function of analyzed tantalum composition (Fig. 3), which
testifies for the accuracy of both measurements. Concerning
the occupancy parameters, one should note that the
estimated standard deviations are typically twice less than
those obtained previously on the Nb—Ni w phase. This is
due to the higher diffraction contrast (difference of the
number of electrons) between A and B atoms in the present
case.
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Fig. 3. Lattice parameters of the p phase as a function of the A atom
composition (A = Ta, Mo, Mn, Nb) for the different systems investigated
(a, solid symbols; ¢, open symbols) together with the data on Nb—Ni system
(81

3.2. Mo—Co

The second phase in equilibrium with the . phase on the
Mo poor side can be refined as a disordered hcp phase in
agreement with the phase diagram at the equilibrium
temperature [15]. The weak quantity and the fine micro-
structure of that phase in the two phase sample do not allow
a reliable EPMA analysis. However, the study of another
sample of composition Mo333C0¢67 at the same tempera-
ture yields a composition Mojg o1yCogj o1)- In this latter
sample no superstructure lines corresponding to the NizSn
type low temperature phase are detected confirming the
phase diagram as described by Quinn and Hume-Rothery in
this region [16]. On the Mo-rich side, the bcc phase was
found to be the equilibrium phase at 1150 °C. This result is
in contradiction with the results of Heijwegen and Rieck
[17] (chosen by Davydoff and Kattner in their evaluation of
the system [15]) who found a detectable layer corresponding
to the o phase down to 1000 °C in diffusion couples. On the
other hand, it agrees with the result of Quinn and Hume-
Rothery [16] who studied equilibrated alloys by X-ray and
metallographic analysis, and determined the eutectoid
decomposition temperature of o to be between 1240 and
1280 °C. The hcp and bee phase content refined from X-ray
diffraction is in perfect agreement with a lever rule
calculation based on analyzed compositions.

The limits of the homogeneity domain are 40.7-—
48.1 at.% Mo. They are in reasonable agreement with the
limits determined by Heijwegen and Rieck [17] from
diffusion couples measurements (41.5—-48.6 at.% Mo at the
same temperature). The lattice parameters of the p phase
show, like in the Ta—Ni system, a linear increase as a
function of the A (Mo) atom content (Fig. 3).

3.3. Mn—Si

A  phase was previously reported to exist at the
composition 85.7 at.% Mn at the same temperature (600 °C)
by Gladyshevskii et al. [9] from X-ray diffraction analysis
and found to be in equilibrium with the R phase (R3, hR53,
Co5Cr,Mos prototype [18]) on the Mn rich side and with the
v phase (Immm, ol186, Mn,Si prototype [19]) on the Mn
poor side. This phase has not been reported by Wieser and
Forgeng [20] in a careful investigation of the phase diagram
by X-ray and metallographic analyses, even at this same
temperature. The report of Gladyshevskii et al. was not
mentioned in further evaluation of the system [10].

The presence of a p phase was observed in the present
work. It was found in four different samples of compositions
between 84.5 and 86.1 at.% Mn annealed at 600 °C to be in
equilibrium with the R phase. The exact composition is
believed to stand in the range 84—85 at.% Mn. It is presently
not known how this phase forms and its temperature
existence range.

The discrepancies between literature data can be
explained by the close composition between the different
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phases in that region of the phase diagram. There seems
actually to be three different equilibrium phases in less than
6 at.% composition range and the quite complicated crystal
structures of those phases give rise to a huge number of
overlapping diffraction peaks. A possible narrow tempera-
ture existence range of the p phase could increase these
difficulties. Finally, the fact that, in all the samples studied,
this phase seems in equilibrium with the R phase could be
explained by a pollution. One of these phases could then
actually be a ternary phase. Further studies are undergoing
in order to check this possibility.

The occurrence of a p phase at this composition allows
extending considerably the actual range of existence of the
. phase towards very high A content. The position in the
periodic table of the constituting elements is rather unusual.
Mn is the only A type element belonging to the 3d raw. Si is
the only B type element belonging to p group though
substantial amounts of Al, for example, may be substituted
in the Nb—Ni w phase, or are present in the purely ternary
Zr—Nb—-Al p phase. Finally, the Mn—Si p phase is the only
example with a so small radius difference between A and B
elements

3.4. w Phase behaviour

The atomic coordinates show very slight variations as a
function of composition in a system and between the
different systems, which testifies for small rearrangements
in the cell. The lattice parameters of the different samples
are presented in Fig. 3 as a function of the composition and
are compared with the values obtained in Nb—Ni system [8].
As already noticed, a linear increase is observed in each
system in which several compositions were synthesized,
which is consistent with the increase of the concentration of
the atom with the largest radius (A). The occupancy
parameters of the five sites of the crystal structure are
plotted in Fig. 4, and will be discussed in Section 4. Sluiter
et al. [21] have calculated the site occupancies of the Nb—Ni
p phase from first principles (FP) by applying Connolly
Williams Method-Cluster Variation Method. Those results
are also shown for comparison. Similar results were also
obtained in the Bragg—Williams approximation [22].

4. Discussion

The discussion will focus on the conclusions that can be
drawn from the measurement of the occupancy parameters
in the various systems, including Nb—Ni system previously
investigated [8]. The results of Fig. 4 indicate a relative
absence of scatter not only within one given system but also
between the different systems. This self-consistency testi-
fies, in a certain extent, for the validity of the measurements,
and, on the other hand, suggests the possibility to rationalize
the site-occupancy behaviour as a function of composition,
whatever the system.

The average occupancy of the different sites follows the
rule stating that the largest atoms (A) should occupy
preferentially sites with high coordination numbers (CN)
[7]. Accordingly, we observe the following order: 6c,
(CN = 16), 6¢; (CN = 15), 6¢3 (CN = 14), 3a (CN = 12)
and 184 (CN = 12). A distinction should, however, be made
between the two sites with coordination 12 because they
have different coordination environments which may
explain strongly different behaviour regarding site occu-
pancies. Site 184 is coordinated by 5 atoms in positions 6c¢,
while site 3a is coordinated by 6 atoms in positions 6¢. As
suggested by Sluiter et al. [21], the conversion of one 18A
atom from Ni to Nb would result in a loss of Ni—Nb bounds,
contrary to what would occur for the conversion of one 3a
atom which appears to be less energetically favourable.

A sharp transition is observed to occur for A site
occupancy in site 3a around 46 at.% A. This site is mainly
occupied by A (resp. B) for alloys richer (resp. poorer) in
A. From what is reported in Fig. 1, the p phases can be
divided into three groups: (i) those existing only at A rich
composition which will ever present, whatever the compo-
sition, a dominant A occupancy on site 3a (in this study Ta—
Ni, Nb—Ni, Mn-Si), (ii) those existing only at A poor
composition (W—Fe, Mo—Fe), and (iii) those crossing the
transition range and which presents, depending on the
composition, both A rich or A poor composition on site 3a
(typified by Mo—Co studied in this work). The three systems
belonging to this third group all contain cobalt and have the
largest homogeneity domains.

The region of transition is not far from the so-called ideal
composition B3;AgAgA¢B1g and could be roughly rep-
resented by a transition between this latter composition
and A3zAgAgAgBis. No preferred ideal composition can
therefore be chosen to describe all the | phases, since one is
valid for group (i), another for group (ii), and both,
depending on the composition, for group (iii). In addition,
more subtle details are taking place. First, the transition does
not seem exactly located around 50 at.% as would be
expected in the case of an ideal B3;AgAgA¢Bs to
A3AgAgAgB g transition. Second, site 3a does not
seem fully occupied even for compositions up to
56.9 at.% (Nb-Ni), and, finally, site 6c; remains partly
disordered whatever the composition. It even seems to be
still disordered in the Mn—Si  phase. On the other hand,
sites 6¢; and 6¢, are almost completely ordered whatever
the composition and site 182 seems to follow a regular
increase of A filling from 41 to 86 at.% A.

It is therefore observed that not one, but several sites can
be substantially disordered at a given composition and at the
studied temperatures. The state is less ordered than what
was calculated after a conventional Calphad description of
the . phase using the compound energy model [14,15,23] or
after FP calculations [21]. As noticed by Sluiter et al. [21] in
the study of the Nb—Ni system, 2000-3000 K are needed to
compute the same amount of disorder as measured.
These authors conclude that either the alloys used in
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Fig. 4. (a—e) A (A = Ta, Mo, Mn, Nb) occupancy parameters on the 5 sites of the w phase crystal structure as a function of A composition for the different
systems investigated (Ta—Ni: open symbols) together with the data on Nb—Ni system [8]. The experimental data are compared to the calculated site

occupancies in Nb—Ni system from FP calculations (solid lines) [21].

the experimental work have not reached equilibrium after
10-30 days annealing treatment at 1273 K, or the
theoretical calculations have underestimated entropic
effects, such as vibrational effects. The uncertainty of the
refinement could also be discussed based on the rather
erratic variation of the occupation of site 3a, in Ta—Ni
system for instance. The validity of measurements done at
room temperature for establishing the actual site distribution
at high temperature, or the efficiency of the quenching
process can also be contested. The relatively low order
observed is in favour of an actual measurement of the high
temperature structural properties.

Comparison can be done between the measured data and
the ones computed from recent Calphad assessment of the
related systems (Fig. 5 for Nb—Ni system [23]; Fig. 6 for

Mo-Co [15] and Ta—Ni [14] systems). The description of
the Nb—Ni p phase with the model (Ni,Nb),;Nb,g (Fig. 5,
[23]) fails completely to describe the actual behaviour
because the authors consider equal occupancy on the two
sites 3a and 18% which is shown to be inappropriate. Among
others, a similar model (Mo,Co),;(Co,Mo),g was used by
Davydov and Kattner [15] to describe the Mo—Co w phase.
This one is of course not satisfactory for the same reason as
well as another one used: (Co,Mo),;(Mo,Co);, Mog. The last
model tested by Davydov and Kattner: (Co,Mo);(Mo,Co)g
Mo;,Co;g does not show this drawback (Fig. 6).

This model (B,A)3;(A,B)s A12B1g also used by Cui and
Jin [14] in Ta—Ni system is compared to experimental
occupancies in Fig. 6. It describes quite well the site
occupancies observed as a function of composition. But it
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Fig. 5. (a, b) Comparison of the experimental site fractions with the data
computed from the assessment of Nb—Ni system (solid lines) [23]. In this
assessment the following model was considered: (A,B);;A¢AgAg. This
model allows to describe compositions in the range 46.2—100 at.% A,
assumes full occupancy on sites 6c¢;, 6¢, and 6¢; and equal occupancy on
sites 3a and 18h.

fails to describe the whole range of existence of the w phase
since Ta richest Ta—Ni w phase (55 at.% A) stands little
outside the range described (at.% A << 53.8) and the Nb—Ni
i phase reaches 56.9 at.% A—the Mn-Si w phase being
well above. While due to the lack of crystallographic
information no choice was possible among the three
different models proposed by Davydoff and Kattner, the
last one is clearly the best in view of the present work.
Those different compound energy models stand among
those reviewed by Ansara et al. [7] or by Hari Kumar et al.
[24] for the description of the . phase. None of the other
models reviewed describe better the experimental results.
This demonstrates the need of a new model if one wishes to
describe the phase consistently with the crystallographic
information and to be able to describe all the known
phases with a unique model. We have shown the need to
consider different occupancies on the two sites of coordi-
nence 12 (3a and 18%). Atomic mixing should be considered
in the latter one if one wishes to describe the Mn—Si w
phase, but yet the richest compositions in Nb—Ni and Ta—
Ni systems. Moreover, incomplete A filling of site 6¢;
should be considered to be able to describe compositions

1.0

c 0.6 _
il
S
o 044 -
@ |
0.2
3a ]
CN 12
0.0 T
40 80 100
(a) at.% A
T
c -
2
©
o
:q} 0.4 .
=
0.2
6c,
CN 14
0.0 T T
40 60 80 100
(b) at.% A

Fig. 6. (a, b) Comparison of the experimental site fractions with the data
computed from the assessment of Mo—Co [15] and Ta—Ni [14] system
(solid lines). In both assessments the following model was considered:
(A,B)3(A,B)sAsAsB1g. This model allows to describe compositions in the
range 30.8—53.8 at.% A and assumes full occupancy on sites 6¢; and 6¢,
and null occupancy on site 18h.

below 46.2 at.% A like in Mo—Co system. Therefore, the
model proposed is (A,B)3 (A);2(A,B)s(A,B)s.

This model has three composition variable sites. In an
optimization procedure, it gives rise to the evaluation of
eight different end-members. The possibility to use FP
values for all of them seems a powerful approach [22]. In
case this opportunity is not given, a more classical
minimisation procedure has to be run but can be difficult
in view of the rather large number of parameters. Only two
of these end-members (A3;A;,A¢B g and B3A;,A¢Bg) can
be considered as the ideal compound depending on the
system considered and be assessed quite precisely using
experimental data. In most cases, it seems that a constraint
imposing a small difference between them as introduced by
Hari Kumar et al. [24] is reasonable. The other compounds
can either contribute to the non-stoichiometry and be
assessed during the minimisation procedure or non-stable
at all and can be fixed to a more or less arbitrary value. As
being more physically accurate, it is believed that no use of
the excess terms should be necessary. If site fractions are
measured, those data may be included as experimental
parameters in the assessment and compensate the increase
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of model parameters. Such an approach is underway in Nb—
Ni system, the results of which will be published soon.

5. Conclusion

It is one of the purposes of the Calphad method to
describe phases as a function of composition. In the present
and past [8] work, the . phase has been studied in the range
41-86 at.% and the site occupancies of the different sites
were determined. Among the 5 sites of the crystal structure,
three at least are found to be disordered, none of them,
including the two sites of coordination 12, having a similar
behaviour. This gives strong evidence that the general rule
stating that sites with equivalent coordination should be
combined [25] does not apply systematically and should be
used with care. This emphasizes the need of more
experimental data before establishing accurate models for
non-stoichiometric intermetallic phases.
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