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Abstract

For the present assessment, the available experimental data from the literature on the Fe—Ni—Al system was reviewed, to provide reliable
information for application- and alloy development-oriented purposes and for a future thermodynamic modelling of the system. The data con-
sists of phase relationships and phase boundaries in the ternary system, as well as thermochemical and diffusion (both experimental and ab initio)
results. The present status of the modelling of the system, following the Calphad formalism as well as other approaches, is also described.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: A. Intermetallics, miscellaneous; B. Order/disorder transformations; C. Phase diagrams; D. Site occupancy; E. Phase diagram, prediction

1. Introduction

In the last decades, much basic and applied research has
been dedicated to intermetallic alloys (for reviews, see Sauth-
off [1,2]). The wide range of applications of this specific set of
materials ensures a continuous and prolific interest from the
academic and industrial communities.

Alloys based on the Ni—Al binary system are one of the
most important and employed classes of intermetallic mate-
rials. Due to the increase in ductility it provides, the well-
known vy (disordered fcc)/y’ (ordered L1,-type) combination,
for instance, builds up a starting point for the development
of Ni-base super-alloys [3]. Another example is the thermo-
elastic martensitic transition B (B2) — B’ (L1,), which is the
basis for Ni-base shape-memory alloys [4—6].

Due to their good magnetic properties, Fe—Ni—Al alloys
have been employed as the basis of the Alnico permanent
magnets [7—9]. Later on, they were improved by major
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additions of Co and minor additions of Cu, Ti and traces of
other elements [8].

Finally, the B2-NiAl ordered phase is of great interest in the
development of high-temperature materials, due to its high
melting point (~1680 °C) [10,11] and excellent oxidation
resistance, though it is brittle at room temperature [1]. This
problem can be circumvented with the addition of disordered
Fe-rich a (disordered bcc) and vy (disordered fcc) phases [3].
Alloy development based on this concept has been carried
out through alloying with Cr (~8 at%) and micro-alloying
with Hf (~0.1 at%), showing very promising properties for
applications in industrial furnaces and petrochemical plants [2].

Although there is a vast number of potential applications for
Fe—Ni—Al based alloys, the phase diagram knowledge is some-
what restricted to low Al contents (<50 at%), and even the best
known region of the phase diagram shows some inconsistencies
in the published information available. The o-Fe + B2-(Fe,
Ni)Al miscibility gap, for instance, and its equilibrium with
the fcc y-(Fe,Ni) phase, is not established with sufficient accu-
racy at high temperatures (800—1100 °C). Considering the
equally important y/y’ transition, the large disparity in the equi-
librium data is striking, as noticed in the NizAl—NizFe vertical
section, and as further detailed in Section 2.4.2 (see Fig. 8).
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The Fe—Ni—Al system has been previously reviewed by
Rivlin and Raynor [12]. The same authors made further emen-
dations in 1988 [13]. Budberg and Prince [14] have updated
the state of knowledge of the system in 1992. Since then
new experimental information has been generated and should
now be reviewed, though short literature updates were pub-
lished recently by Raghavan [15,16].

The present assessment has therefore three main objectives.
The first is to critically evaluate the available thermodynamic
information on the Fe—Ni—Al ternary system, including the
whole compositional range. For that, the literature published
on the system has been compared and analysed, the results
of which are presented in the following sections. The second
objective is to detect regions of the phase diagram where
scanty information is at hand, thus suggesting new experimen-
tal work. Lastly, the data collected in the present assessment
should serve as a starting reference for future thermodynamic
modelling and optimisation of thermochemical databases.

The organisation of the present work is as follows: phase
relationships and phase transitions are discussed in Section
2, including a description of the phases present in the binaries
and in the ternary systems. Thermochemical data (formation
enthalpies, activities) are described in Section 3. Atomistic
(site-preference occupation and vacancy formation) and diffu-
sion data are given in Section 4. Finally, the present status of
Calphad-type modelling and calculations following other for-
malisms will be described in Section 5.

2. Phase diagram data

All solid phases present in the Fe—Ni—Al system are de-
scribed in Table 1. A partial list of invariant reactions is found
in Table 2. The invariant reaction temperatures for the Fe—Al
and Fe—Ni binary systems were taken from the binary re-
views, references to which are given in Table 1. For the Ni—Al
system, the data from Hilpert et al. [17] was employed. The
ternary reactions were taken from several references, but are
based on the reviews of Rivlin and Raynor [12,13] and espe-
cially Budberg and Prince [14]. The speculations of Prince
[18] provide a good overall description of the reaction scheme
for xa; > 0.6, although they lack more detailed information,
particularly regarding some transition temperatures.

Throughout this work, second-order phase boundaries will
be indicated by hatched lines and magnetic transitions by
dash-dotted ones. When uncertainties with respect to phase
boundaries exist, they will be indicated by dashed lines.
When even this is not possible, the region will be labelled
with a question mark. In isothermal sections, three-phase fields
will be coloured grey.

2.1. Binary subsystems and binary compounds

In this section we describe briefly the binary phase dia-
grams as published in the Massalski handbook [35], since
they constitute one of the most widespread and employed
compilations, specially for engineering purposes. No details
will be given concerning possible disagreements and

controversies, except when they are important to the ternary
system. This is the case for the melting temperature of
Ni—50 at% Al (B2), for instance, which influences the render-
ing of the liquidus projection. The solubility of the third
element into the ternary system at selected temperatures is
given in Table 1. The articles by Palm and Lacaze and by
Cacciamani et al. in this special issue update the information
available on the Fe—Al and Fe—Ni systems, respectively.

2.1.1. Fe—Al

The Fe—Al phase diagram according to Kattner [36] is
shown in Fig. la. The Fe-rich portion of the phase diagram
is dominated by the A2 — B2 and (A2 or B2) — D05 ordering
reactions in the bcc lattice. Some authors [37] further divide
the B2-FeAl field into three different zones, together with
a low-temperature region within the A2 stability range, the
so-called K-state. The latter feature is supported by a recent
work of Ikeda et al. [38].

For xa; > 0.5 several intermetallic phases are stabilised.
There are still some inaccuracies concerning this part of the
phase diagram, namely, the structure of the & phase and the
stability range of the FeAl,, Fe,Als and Fe,Al;; phases.

The structure of the € phase is not yet known with certainty,
due to the fact that it decomposes spontaneously during cool-
ing. Taylor and Jones [39] first suggested that it could be either
orthorhombic or hexagonal (hR78, R318, D8;,, AlsCrs), the
latter hypothesis being supported by investigations on different
ternary systems, namely, Fe—Al—Cr [40], Fe—AI-Ti [41],
and Fe—Al—Mo [42]. The structure given in Table 1 is, how-
ever, not to be taken as conclusive.

Seierstein [43] presented the most recent thermodynamic
modelling of the Fe—Al system. For a description of the mag-
netic and chemical ordering the evaluation of Ohnuma et al.
[44] can be combined with that of Seierstein’s. The calculated
phase diagram using these two descriptions is shown in Fig. 1b.

2.1.2. Ni—Al

Fig. 2a shows the Ni—Al phase diagram according to
Singleton et al. [45]. The melting temperature of the equiatomic
NiAl (B2) phase, according to these authors, is situated at
1638 °C, which is about 40 °C lower than reported in more re-
cent works. By DTA measurements, Bitterlich et al. [10] gave
1681 °C as the melting temperature, and Rablbauer et al. [11]
found the same at 1674 °C. Both experiments also confirm the
calculations of Ansara et al. [46] and Dupin et al. [47], according
to whom the melting temperature should be 1678 °C.

There are also discrepancies concerning the solidification
reactions in the Ni-rich side. According to Hilpert et al.
[17], the reactions among the liquid and the v-Ni, the
v’-AlNi; (L1,) and NiAl (B2) phases occur first peritectically
following the reaction L + y-Ni — y-AlNij (L1,) at 1372 °C,
proceeding then to the eutectic L — AINi (B2) + y'-AlNi;
(L1,) at 1369 °C. According to Singleton et al. [45], on the
other hand, the first peritectic reaction occurs at 1395 °C,
L+ AINi (B2) — v’ — AINi3(L1,), the liquid composition
advancing then to the eutectic L — v-Ni + y'-AlNiz(L1,) at
1385 °C. The agreement between experimental information
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Table 1

Solid phases in the Fe—Ni—Al system
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Phase® Pearson symbol Space group Strukturbericht Prototype Composition range® Solubility of 3rd element Lattice parameters
designation

Fe—Al at% Al at% Ni %))

a-Fe, 3-Fe  cI2 Im3m A2 W 0to ~45 ~20 0—25 at% Al: 2.867—2.911 [19]

v-Fe cF4 Fm3m Al Cu 0—1.3 100

Fe;Al (DO3) cF16 Fm3m DO; BiF; ~23to ~34 5.790 [20]

FeAl (B2) c¢P2 Pm3m B2 CsCl 233 to ~55 100 2.907 [21]

€ hR26 - - AlgCrs ~58to ~65

FeAl, aP18 P1 - AlFe 66—66.9 ~3 a=4.3878, b=16.461,
c=8.7476 [22]
o=87.927°, =74.452°, y =83.11°

Fe,Als oC16 Cmem - - 70—73 ~2

Fe,Aly; mC102 C2/m - - 74.5—76.6 ~7 a=15492, b=8.078, c =12.471,
B=107.66° [23]

(AD) cF4 Fm3m Al Cu ~100

Ni—Al at% Al at% Fe %))

v-Ni cF4 Fm3m Al Cu 0—-21.2 100 3.5486 [24]

v'-Ni; Al cP4 Pm3m L1, CuzAu 24-27 ~15 3.5695 [24]

NisAl; oC16 Cmmm GasPts — ~32-36

NiAl (B2)  ¢P2 Pm3m B2 CsCl 30.8—58 100 2.877 [25]

Ni,Al; hP5 P3ml D53 Al3Ni, 59.5—63.2 ~4 57—60 at% Al: a =4.442—4.036,
¢ =4.895—4.915 [26]
60—23 at% Al: a =4.036—4.053,
¢ =4.895—4.902

NiAl; oP16 Pnma DOy, Fe;C ~23-26 a=06.5982, b ="1.3515,
c=4.8021 [27]

(Al cF4 Fm3m Al Cu 99.89—100 ~2 4.025 [28]

Fe—Ni at% Ni at% Al A)

a-Fe c2 Im3m A2 W 0-5.5 40 2.860 [29]

d-Fe cl2 Im3m A2 w 0-3.5

v-(Fe,Ni) cF4 Fm3m Al Cu 0—100 1.95 3.587 [29]

v'-FeNij cP4 eqld L1, AuCuy 63—85 ~12 3.5550 [30]

Al—Fe—Ni at% Al at% Ni A)

AlgFeNi mP22 P2,/c D84y AlgCo,  82—83 7-14 a=8.598, b=6.271, c=6.207,
B=94.76° [31]

AljgFesNi  hP28 P6s/mmc D8y, AlsCo,  70-73 55—60

Al oFeNi;?¢

For the sake of clarity, some entries are shown repeatedly in the different binary systems.
# The phase designation adopted here does not necessarily correspond to those found in the literature, mainly because there is no general agreement in this regard.

° In the binary system.

¢ The structure of the high-temperature & phase, which could be AlgCrs, has not yet been settled.
4 This phase has been reported by Khaidar et al. [31], and is only stable in a narrow temperature range (~800 —900 °C). A quasi-crystalline phase with com-
position Al;; gFes 4Nia3 o has also been reported by Lemmerz et al. [32], Grushko et al. [33], and Lemmerz [34] and was found to be stable from 847 °C to 930 °C.

and the diagram of Singleton et al. [45] is not sufficient in the
Ni-rich side at higher temperatures, as the authors themselves
state in their work. For this reason, Table 2 shows the data
taken from Hilpert et al. [17] for the Ni—Al binary system.
The data of these authors also agree considerably well with
the results of Bremer et al. [48] (within an estimated error of
5 °C). Another important feature that the publications of Bremer
et al. [48] and Hilpert et al. [17] share in common is the fact that
the temperature difference between the peritectic and eutectic in-
variants is very small (ca. 3 °C), differing from previous results,
which give itat about 10 °C and/or change the reaction sequence,
as is the case for the data of Singleton et al. [45].

According to Ellner et al. [49], there exists a low-temperature
phase, with stoichiometry given by NizAly, forming peritectoidi-
cally from the B2-NiAl and the Ni,Al; phases. The transition

temperature was found to be 580 °C. The structure of the
Ni3Al, phase was determined by X-ray diffraction to be iso-typical
to the Ga4Nis prototype (c/112,1a3d ), and shows vacancy order-
ing in different sublattices. Nevertheless, this phase is not
included in the phase diagrams showed in the present work,
since it was also plotted in dashed lines in the original reference.

The most recent Calphad evaluation of the Ni—Al system
was presented by Dupin et al. [47], who included all phases
needed for the thermodynamic description of the ternary
Cr—Ni—Al system. The calculated Ni—Al phase diagram ac-
cording to Dupin et al. [47] is shown in Fig. 2b.

2.1.3. Fe—Ni
Fig. 3(a) presents the Fe—Ni phase diagram, based on the
work of Swartzendruber et al. [50]. Nickel forms with iron
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Table 2
Invariant reactions in the Fe—Ni—Al system
Fe—Al Fe—Ni Fe—Ni—Al Ni—Al
p1 1514 °C
L+ 3-Fe —v-
(Fe,Ni)
p. 1372 °C
L+vy-Ni —
v'-NizAl
e 1369 °C
L — NiAl (B2) +
’Y’-ngAl
U, ~1365 °C
L+vy" — y-(Fe,Ni) +
B2-(Fe,Ni)Al
e, 1340 °C
L — vy-(Fe,Ni) +
B2-(Fe,Ni)Al
ps; 1232 °C
L+ a-Fe —¢
es 1165 °C
L — g+ FeyAls
ps ~1160 °C
L + Fe;Als —
Fey Al 3
ps 1156 °C
€+ Fe,Als —
FCA12
pe 1133 °C
L+ NiAl(B2) —
Ni,Al;
ey 1102 °C
e — FeAl
(B2) + FeAl,
p7 854 °C
L+ NixAl; —
NiAl;
U, 840 °C
L+ NixAl; —
NiAl; + Fe Al 5
P 809 °C
L+ FC4A1]3 +
NiAl; — FeNiAly
es 655 °C
L —
Fe Al + (Al)
U3 650 °C
L + FeyAl;3 —
FeNiAly + (Al)
e 640 °C
L — NiAl; +
(Al
E 638 °C
L — (Al)+ NiAl; +
FeNiAly
The list is not exhaustive; for a more complete — though speculative —

account, see Prince [18].

a disordered fcc solid solution encompassing the whole
compositional range, here designated by y-(Fe,Ni). At lower
temperatures (below ~500 °C) the ordering transition
v-(Fe,Ni) — y'-FeNi; (L1,) takes place.

The thermodynamic description of the Fe—Ni system by
Dinsdale and Chart [51] was revised by Lee [53], and works
well at high temperatures. At lower temperatures, however, or-
dering reactions occur, which are essential for the ternary Fe—
Ni—Al system. This part of the diagram was described by
Ansara [52]. The resulting phase diagram is given in Fig. 3(b).

2.2. Ternary compounds

There are reportedly two ternary crystalline phases in the
Fe—Ni—Al system. The monoclinic FeNiAly phase forms
peritectically at 809 °C [31], according to the reaction
L + Fe4Aly 5 + NiAl; — FeNiAly, and shows a very narrow
homogeneity range (82—83 at% Al, 7—14 at% Ni). At lower
temperatures, there are further reactions including the FeNiAly
phase, which can be seen in Table 2.

The FesNiAl,( phase forms at a temperature slightly above
1050 °C [16,31], according to L + Fe;NiAl;q — NiAl; +
Fe,Al;3. The FeNiAls phase described by Ellner and Rohrer
[54] can be supposed to be within the stability range of
FesNiAl;q [14], which is about 70—73 at% Al, 55—60 at%
Ni. According to Bradley and Taylor [55], this phase has a hex-
agonal structure, but the X-ray experiments performed by
Khaidar et al. [31] show a large number of reflections that
could not be indexed by that assumption. The true lattice for
the Fe;NiAl;o phase remains therefore unclear.

Using DTA measurements, Khaidar et al. [31] found a pos-
sible new ternary phase, which was assumed to be FeNi;Al,
stable at temperatures around 900—850 °C. Due to the fact
that this phase decomposes during slow cooling, the authors
could not identify its structure. More recently, a quasi-crystalline
decagonal phase [32—34,56,57] was found to form at compo-
sitions very close to those studied by Khaidar et al. [31]. The
stoichiometry of this phase was given as Fes4Niyz oAl 6,
being stable from 930 °C to 847 °C [34]. Recently, Grushko
and Velikanova [58] published a review on quasi-crystalline
phases in several ternary alloys of aluminium with transition
metals. The authors discuss the stability of this type of struc-
ture and argue that they can be stable in the same sense (sic)
as periodic (or “fully” crystalline) phases in multi-component
systems. The Al-rich corner of the isothermal section at
850 °C, shown in Fig. 6f, presents the phase equilibria involv-
ing the quasi-crystalline phase [32—34] (although indicated in
the figure as FeNizAl;y followed by a question mark). The
authors employed X-ray analysis and transmission electron
microscopy to ascertain their results on several samples
annealed at 850 °C for 68 h and subsequently water-quenched.
More recently, however, de Laissardiere et al. [59] asserted in
a review paper that decagonal quasi-crystals in the Fe—Ni—Al
system are to be regarded as metastable.

2.3. Liquidus projection

A partial liquidus projection, for temperatures ranging from
1250 °C to ~ 1680 °C is given in Fig. 4a [13]. It should be
noted that only some of the troughs are depicted. In the centre
of the diagram, for instance, the reactions involving the
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Fig. 1. (a) Binary subsystem Fe—Al [36]. (b) Calculated binary Fe—Al phase diagram [43,44]. The two-sublattice model used to describe the bce phases does not
allow the modelling of the D05 structure. The second-order boundary is represented by hatched lines, while the magnetic transition is depicted with dash-dotted

lines.

Fe;NiAl,, phase cannot be represented due to the lack of in-
formation. The e, reaction occurs at a minimum of the trough,
around 1340 °C, but the exact composition of the phases in-
volved in this reaction is not known.

Close to the Ni—Al binary and up to 20 at% Ni, the liquidus
troughs can be drawn for low temperatures (<840 °C), as
shown in Fig. 4b [13]. Due to the restricted homogeneity
range of the FeNiAlg phase, the position of the P reaction
L + Fe Al 5 + NiAl; — FeNiAlg (809 °C) could be identified
with some accuracy. The liquidus projection was determined
by Phillips [61] for very high Al concentrations (x5 =0.97)
and for temperatures in the range 645—720 °C.

Itis also worth mentioning in this paragraph a vertical section
of the solidus surface from NiAl to FeAl, taken from Bitterlich
et al. [10] and given in Fig. 5. For comparison, the data from
Bradley [60] is plotted in the same diagram. The main discrep-
ancy is the maximum at the NiAl side, which is equivalent to
the melting point of the NiAl (B2) phase (see Fig. 2a and
discussion in Section 2.1.2). This leads consequently to a worse
agreement in the region closer to the Ni—Al binary system with
respect to the calculation described in Section 5.1.1.

(a)

1800
1700
1600 L
1500
1400
1300
1200
1100 f (N
1000
900
800 )
700
600 ¥’ -Ni;A
500 /(le)l
400

T (°C)

Ni, Al

/
\IiAl3\

(Al)—=

Nis Al

0O 10 20 30 40 50 60 70 80 90 100
Ni at% Al Al

2.4. Isothermal and isoplethal sections

The Fe—Ni—Al system can be quite suitably divided into
three broad regions, namely the Fe-rich corner, where ordering
in the bcec lattice takes place; the Ni-rich corner, with ordering
in the fcc lattice; and the Al-rich corner and the appearance of
ternary phases. In the subsections that follow, isothermal and
isoplethal sections of the ternary phase diagram will be pre-
sented as a single unity whenever possible, but the discussion
will be separated into these three different subjects for greater
convenience and clarity.

2.4.1. Ordering in the bcc lattice

The miscibility gap on the bcc lattice between the disor-
dered A2 phase and the ordered B2 phase has been thoroughly
studied by Hao et al. [62], for temperatures ranging from
850 °C to 1150 °C, using diffusion couple experiments. Their
results correspond to the Fe-rich corner of the isothermal
sections presented in Fig. 6c—f. The equilibria with the dis-
ordered fcc phase closer to the Fe—Ni binary were also inves-
tigated by the same authors. When aging as-quenched Fe—4.1
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Fig. 2. (a) Binary subsystem Ni—Al [45]. (b) Calculated binary Ni—Al phase diagram [47].
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at% Ni—23.2 at% Al samples at temperatures in the range
500—1050 °C, Liu et al. [64] found a reaction sequence that
includes two B2 phases in equilibrium below ~725 °C,
with partition of Ni and Al between them. This result, and
whether it represents a true equilibrium state of the system
or a kinetic feature, has still to be cross-checked independently
in order to be confirmed.

The Fe-rich corner of the isotherms at 1350 °C and
1250 °C, shown in Fig. 6a and b, respectively, were taken
from Bradley [60]. The same holds for the 750 °C isotherm,
shown in Fig. 6g. The second-order phase boundaries, investi-
gated by Hao et al. [62], are represented by hatched-full lines.
In Fig. 6b (1250 °C) and g (750 °C), they have been extrapo-
lated from the limiting binary Fe—Al system, and are thus
shown in hatched-dashed lines. In drawing Fig. 6b, it was sup-
posed that the second-order line does not open in a miscibility
gap, following the indications that the miscibility gap vanishes
above 1150 °C. In the Fe—Al binary at 1350 °C the B2 phase
is not stable anymore; inside the ternary, on the other hand,
there must still be an ordering reaction on the bcc lattice
at that temperature, because the B2 phase melts around
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Calculated binary Fe—Ni phase diagram [51,52].

1680 °C in the Ni—Al binary system, as already stated. For
this reason, the central part of Fig. 6a is not known with cer-
tainty, regarding the A2+ B2 equilibrium at temperatures
above 1350 °C. This transition could have a first- or second-
order character, even though the latter is more likely, following
the trend already presupposed at 1250 °C.

The isoplethal section from the Fe corner to NiAl is shown
in Fig. 7a, constructed from data given by Marcon et al. [9]
and Dannohl [65], in which is shown the interaction between
the y-loop and the miscibility gap in the bcc lattice, creating
the three-phase field shown in dashed lines. It should be no-
ticed that the extent of this field, according to Danndhl [65],
is much greater (up to about 40 at% Fe) than that shown in
Fig. 7a. This speculation is, however, not corroborated by
the isothermal sections shown in Fig. 6c—g. The data from
Marcon et al. [9] also generally confirm the results of Bradley
[60], although they failed to notice the three-phase field that
should exist in this part of the diagram (shown in dashed lines
in Fig. 7a). Low-temperature data concerning the bcc miscibil-
ity gap were also given by Marcon and Lay [7]. One should be
careful to notice that the solidus and liquidus lines present the

max. melting point:
1638 °C [45]
1674 °C [11]
1681 °C [10]

Y -Ni;Al (L1,)

K e11369°C
A p, 1372°C

Fe o§ 10 20 30 40 50 60 70
Pi at% Ni

90 100 Nj
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Fig. 4. (a) Partial liquidus surface with isotherms from 1250 °C to 1680 °C. [13,60]. (b) Liquidus troughs close to the Al corner [14].
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Fig. 5. Solidus temperatures in the section from NiAl to FeAl, according to
Bitterlich et al. [10] (filled circles). The open circles correspond to the data
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problems discussed in Section 2.3, that is, the melting point at
the NiAl side is about 40 °C lower than determined by more
recent works [10,11]. It is very likely that this fact bears con-
sequences also inside the ternary system.

Following Bradley and Taylor [55] and Bradley
[55,60,63,66], Hao et al. [62] also constructed the isoplethal
section shown in Fig. 7b, which is slightly away from the
NiAl—Fe isopleth. It is interesting to notice in Fig. 7b that
the y-loop at the Fe side does not show up at all with the small
additions of aluminium to the end-members of the pseudo-
binary NiAl—Fe (Fig. 7a).

2.4.2. Ordering in the fcc lattice

In the Ni-rich corner, the ordering in the fcc lattice from the
v-Ni phase to the y’-AlNisz (L1,) phase takes place. The equilib-
rium between the fcc phases and the bec ordered (B2) phase is
also present in a wide temperature range. The main references
for this part of the diagram are still the works by Bradley
[60,63,66] with further contributions from other authors [67—73].

All the data from the authors cited in the last paragraph are
incorporated into the isotherms shown in Fig. 6a—g. The gen-
eral lines are those of Bradley [60], with further adjustments to
match the boundaries found by Hao et al. [62] in the Fe-rich
corner. The more recent work by Himuro et al. [73] also con-
firms the previous results.

The pseudo-binary section from Ni3Al to FezAl, shown in
Fig. 8, gives an idea of the scattering of the data on this part
of the diagram, mainly with respect to the y’-NizAl (L1,)/
v-Ni + v'-NizAl (L1,) phase boundary. In particular, the
data of Goman’kov et al. [70] is in marked disagreement
with those of the other authors. The EPMA results of Jia
et al. [72] seem to be those with greater agreement between
each other. But the 70 °C difference in the measurement of

the alloy with approximately 7 at% Fe is still to be noticed.
One has to pay attention to the fact that the EPMA results
that are plotted in the pseudo-binary are merely extrapolations
from measurements in different sections, because obviously
the tie-lines determined from a diffusion couple or equilibra-
tion experiment do not necessarily lie on the isopleth. It is pos-
sible then to assert that the DTA measurements are more
precise in the case of this experiment, since what is plotted
in the vertical section is actually what was measured, viz.,
the temperature of beginning and end of the two-phase field
for one particular composition.

For this vertical section, the phase diagram update of
Raghavan [16] adopts the lines from Masahashi et al. [67].
Raghavan also considered the previous data of Bradley [60]
and the results derived from different experimental techniques
employed by Masahashi et al. [67]. For the y'-NizAl (L1,)/
v-Ni + v/-NizAl (L1,) transition, the large scattering of data
points suggest the inadequacy of some of the techniques and
extrapolations for the drawing of this vertical section. It seems
that the sluggishness of the reaction and the small size of the
precipitates are a severe hindrance to equilibrium determina-
tion (the difficulty in the determination of the y’-NizAl
(L1,)/v-Ni + vy'-NizAl (L1,) boundary is also present in the
binary Ni—Al, as examined by Ma and Ardell [74]). On the
other hand, the EPMA results of Masahashi et al. [67] (indi-
cated with upward triangles in Fig. 8) are in good agreement
with those of Jia et al. [69], and also with the DTA ones
from Himuro et al. [72]. Therefore, the EPMA data of
Masahashi et al. [67] and Jia et al. [69], and the DTA results
of Himuro et al. [72] were considered as the critical experi-
ments for this vertical section, and the dash-dotted line in
Fig. 8 can be taken as a reasonable fit to these data.

2.4.3. Al-rich corner and ternary phases

The Al-rich corner of the phase diagram was investigated
by Khaidar et al. [31], who determined Al-rich isothermal sec-
tions at 1050 °C, 950 °C and 750 °C, which were considered
to draw Fig. 6d, e and g, respectively. The 850 °C isotherm
was not accomplished due to the interference of the FeNizAl;q
phase in the DTA signal. A small part of this isotherm (0—20
at% Fe, 60—80 at% Al) was later investigated by Lemmerz
et al. [32—34], in order to describe the equilibria involving
the decagonal quasi-crystalline phase. The authors provided
the phase equilibria of this phase at 850 °C, which were incor-
porated in Fig. 6f of the present work.

The isotherms shown in Fig. 6(d), (e) and (g) were cor-
rected using data from the binaries Fe—Al and Ni—Al, also
following the update of Raghavan [16]. It should be noted
that the 750 °C isotherm is not complete, being valid only
for x5; = 0.75 and x4; < 0.5. The isotherms at 1050 °C and
950 °C confirm the results of Bradley and Taylor [55].

Budberg and Prince [14] accepted an isotherm at 620 °C on
the Al-rich-corner (x5 > 0.75), taken from Schrader and
Hanemann [75]. At this temperature, the liquid phase is
already totally consumed, and the equilibria now involve the
(Al) terminal phase (Fig. 9).
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has not been investigated.

3. Thermochemical data
3.1. Experimental

Activity measurements in binary Fe—Al and Ni—Al B2
alloys have been carried out by Raj et al. [76], in the range
1140—1600 K (867—1327 °C) and 1178—1574 K (905—
1301 °C), respectively. The integral enthalpies and entropies
of mixing were found to be almost temperature independent,
with large and negative mixing entropies. Further results for
the B2-NiAl phase were later presented by Bencze et al.
[77], including calculations of the thermodynamic factor for
diffusion.

Enthalpies of formation of B2 Fe,_,Al, and B2 (Ni,Fe),_,Al,
were determined by Griin et al. [78] and Breuer et al. [79] at
1073 K (800 °C). Their results for the ternary alloys are
shown in Fig. 10. It is clear that off-stoichiometry deviations

tend to destabilise the ordered B2 structure and also to
increase the deviation with respect to the mechanical mixture
line (dashed lines in the Figure). Substitution of Fe by Ni,
while keeping the Al content constant, leads to an increasingly
negative enthalpy of formation. Zubkov et al. [80] determined
standard enthalpies of formation (AH; , 298°) of three ternary
B2 alloys with Fe contents up to 5 at%. Their results show
some deviations with respect to the data of Griin et al. [78]
and Breuer et al. [79].

For very low Al contents, Li et al. [81] determined Al ac-
tivities and interaction coefficient of Al in Ni for liquid alloys
at 1873 K (1600 °C). The composition ranges of the samples
were 15—27.7 at% Ni and 42 ppm Al to 0.017 at% Al
(plus Fe). Ostrovskii et al. [82] determined the heat of solution
of Al in Fe—Ni—Al liquid alloys at ~1600 °C for several
compositions covering practically the whole composition
range.
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Albers et al. [83] determined activities and partial en-
thalpies of mixing from 1304 K (1031 °C) to 1698 K
(1425 °C) for y'-(NizAl);_Fe, (L1,) alloys (x<0.08). A
plot of thermodynamic activities vs alloy composition is given
in Fig. 11. It was derived from an excess chemical potential
plot (Fig. 12 from the original work [83]) through the trivial
transformation

E
a; = x;exp (;;}) , (1)

where a; is the activity and uY is the excess chemical potential
of component i.

3.2. Ab initio

In this section are presented first principle calculations on
the ternary system. There exists, of course, several publications

70

Fig. 9. Al-rich corner of the Fe—Ni—Al phase diagram at 620 °C [14,75].
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Fig. 10. Enthalpy of formation of B2-(Fe,Ni)Al for several compositions at
1073 K (800 °C). According to Griin et al. [79]. Reference state: bcc Fe,
fce Ni, and liquid Al at 1073 K. The dashed lines represent the mechanical
mixture of the end-members (i.e., B2-FeAl and B2-NiAl).

concerned with one of the limiting binary systems, but there
are only a few ab initio calculations of formation energies of
structures in the Fe—Ni—Al system. Most of the available
ab initio calculations in the Fe—Ni—Al system were per-
formed in order to investigate the site preferences of alloying
elements into one of the binaries. For this type of application,
see Section 4.1.2.

Lechermann et al. [84] provided energies for both bcc and
fcc ordered structures. The new Stuttgart ab initio mixed-basis
pseudopotential code [85] in the generalised gradient approx-
imation (GGA) was used to determine the energetics in the
ground state.
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Fig. 11. Activities of Fe, Ni, and Al at 1473 K (1200 °C) in the y'-NizAl (L1;)
phase, with stoichiometry given by Fe (NisAl);_,, according to Albers et al.
[83]. Reference state: fcc Fe, fcc Ni, and liquid Al at 1473 K. The original
work gives the excess chemical potential in the function of the alloy
composition.
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Interatomic potentials were provided by Vailhe and Farkas
[86] for a ternary B2 alloy with stoichiometry given by Ni—
35A1—12Fe. The method employed was the Embedded
Atom Method.” The potentials were subsequently used to sim-
ulate (100) screw dislocations.

4. Atomistic and diffusion data
4.1. Site occupancies

Site substitution of ternary elements in ordered compounds
influences the electronic structure and consequently the
properties, for instance, magnetic susceptibility and high-
temperature resistance [87,88]. It is therefore essential to pres-
ent site occupancy data in the present assessment.

4.1.1. Experimental

Site distributions of Fe in B2-ordered NiAl were measured
by Anderson et al. [88] using the ALCHEMI (atom location by
channelling-enhanced microanalysis) method in alloys with up
to 10 at% Fe. A comparison with older investigations is done
in the same work. The samples were first homogenised at
1300 °C for 5 h and then heat-treated at 800 °C for 72 h and
water-quenched. The results indicate that Fe tends to occupy
preferentially the stoichiometrically deficient sublattice (e.g.
the Al sublattice in a Fe,NisgAlso—, alloy). The results of
Goldberg and Shevakin [89] confirm this behaviour. However,
part of the Fe atoms partition equally in both sublattices, gen-
erating Ni-site vacancies or Ni anti-site defects in the Al sub-
lattice. The concentration of point defects increases with the
Fe concentration, as also confirmed by Sprengel and Schaefer
[90]. Time differential dilatometry experiments performed by

2 Though not exactly an ab initio method, this section was considered to be
the best to accommodate this reference.

these authors indicate a high structural vacancy concentration
in FemNi40A150 alloys.

Banerjee etal. [91,92] also applied the ALCHEMI method on
several B2-FeAl and B2-NiAl alloys with ternary additions (Ti,
V, Cr, Mn, Co, Ni, Cu). Three ternary alloys in the Fe—Ni—Al
system were investigated, namely, FesoNijgAlyg, FeioNisoAlyg,
and Fe;oNiysAlys. It is apparent that Ni prefers the Fe sublattice
in the FesoNi|pAlyg alloy, while Fe occupies preferentially the
Al sublattice in Fe;oNisgAlyq. The last result confirms the behav-
iour described in the last paragraph. On the other hand, they
show that Ni has an opposite effect on B2-FeAl.

Pike et al. [93] investigated site occupancies and vacancy
concentrations over wide composition and temperature ranges
within the single phase B2 field. Structural vacancies at
all Al-rich samples were found, supporting the triple defect
structure for the ternary alloys, and not only for the end-
members B2-NiAl and B2-FeAl. For low Al concentrations,
the results confirm that Fe anti-site defects are more stable
than Ni ones.

4.1.2. Ab initio

Several ab initio calculations—as well as experimental in-
vestigations—are concerned with site occupancies and va-
cancy formation in the B2 structure [87,94—98]. Most
results tend to confirm the experimental evidence at least qual-
itatively. Bozzolo et al. [98] used the Bozzolo—Ferrante—
Smith (BFS) method [99] to calculate site preference of
ternary additions to several binary B2 structures, among
them Fe to NiAl and Ni to FeAl.

In Fu and Zou [94] calculations, Fe atoms occupy exclu-
sively the Ni sublattice in Al-rich NiAl alloys. For Ni-rich
NiAl alloys, the partition of Fe atoms varies with composition
and temperature, due to the fact that the formation enthalpy of
Fe defects in Ni and in Al sublattices is very small (<0.1 eV,
with a preference for Fe at 0 K).

4.2. Diffusion-related properties

Due to the virtual interface formation, typically found in dif-
fusion couples within the B2 phase region in aluminides [100],
it is very difficult to determine diffusion coefficients for this
structure. The problem arises from the diffusion mechanism
in the ordered B2 phase [101] and is related to the presence
of structural vacancies for off-stoichiometric compositions
[102]. The difficulty seems to be more pronounced in the binary
Ni—Al system, for diffusion couples with end-members at op-
posite sides of the equiatomic composition [100]. For the B2
structure in the Fe—Al system, the appearance of a pseudo-
interface within the B2 phase field has not been reported, prob-
ably because the Fe—50 at% Al composition is very close to the
extremity of the B2-stability range in this system [36].

Nevertheless, some early works have provided interdiffu-
sion coefficients at 1000 °C or 1004 °C obtained by diffusion
couple experiments with both end-members within the B2 sta-
bility range [103] or with fcc-FeNi (A1) against a B2 compo-
sition [104,105]. These data were later employed as input for
a Calphad modelling of diffusion data [106,107]. The model in
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question proved to give satisfactory predictions on diffusion in
the B2 phase field of the Al—Fe—Ni system.

Still within the B2 phase field, the so-called zero-flux plane
(where the inter-diffusivity of a component vanishes within
a single phase field) has been reported by Dayananda [108].
Interdiffusion coefficients in relation to observed double-
serpentine diffusion paths were also investigated [109,110].

Ni and Fe tracer diffusion experiments were performed by
Divinski et al. [111] for an Fe;oNiypAlso alloy from 1150 to
1550 K, corresponding to the B2 phase field. It was shown
that the Fe diffusivity was 3—5 times higher than for Ni, but
the presence of Fe decreases the activation energy for Ni dif-
fusion when compared to stoichiometric NiAl [111]. The au-
thors concluded that nearest-neighbour jumps, most probably
by triple defect coupling, are the dominant diffusion mecha-
nisms at these compositions.

For binary Fe—Al alloys with compositions around 25 at%
Al, Ni tracer diffusivities were determined for A2 and B2
phases [112]. The results show a very weak dependence of
the ordering reaction A2/B2 on the diffusivities in Fe;Al.
This result was also confirmed by Peteline et al. [113] for
Fe-27 at% Al samples. It was also shown by Tokei et al.
[112] that the diffusion process is controlled by mono-vacancies
in the first-neighbourhood, both on the disordered and in the
ordered case, and that Ni diffusion is much slower than
for Fe, mainly because the Ni-site preferences. Due to the low-
temperature stability range of the DOz phase, no data concern-
ing diffusivity in this phase can be found in the literature.

The decrease of stability of the y'-NizAl (L1,) phase with
increasing Fe contents, i.e. (Al,Fe)Ni; alloys, as seen in
Fig. 8, is associated with a decrease of the activation energy
for ordering kinetics [114]. It has been found that this effect
is related to a decrease in the vacancy formation energy with
increasing Fe contents [115]. The vacancy migration energy
shows no systematic dependence on the Fe concentration.

The dependence on the composition of the interdiffusion
coefficients in binary NisAl and ternary (AL Fe)Ni3 was inves-
tigated by Cermak et al. [116,117] in the L1, phase field at
temperatures in the interval 1173—1533 K.

In order to study the stability of the interface between B2
and L1, diffusion couples in Ni—Al—X ternary alloys (X =
Co, Cr, Cu, Fe, Mn, Mo, Nb, Si, Ta, Ti, V and W), Kainuma
et al. [118] prepared several ternary AlI—Ni—X diffusion cou-
ples in the temperature range from 1173 to 1573 K. It was
found that, for the case of the Al—Fe—Ni system, the interface
formed is a planar one. The authors related the stability of the
interface to the partition behaviour of the alloying element
X (in this case, Fe) in the B2/L1, equilibrium and to the dif-
fusivities of X in the L1, phase.

The formation and growth of Fe-aluminide diffusion layers
and the influence of ternary impurities have been investigated
by Akdeniz and Mekhrabov [119]. The authors found a direct
correlation between the effect of the ternary addition on the Al
activity and the thickness of the diffusion layer. In the case of
Ni, there is an increase in the Al activity, and consequently
there is an increase in the diffusion layer when compared to
“pure” Fe—Al.

5. Modelling

In this section, we are interested in the modelling of the
Fe—Ni—Al phase diagram, following different methodologies.
Calculations of other properties, such as formation energies or
site occupancies, were given in Sections 3 and 4, respectively.

5.1. Calphad

There are very few direct Calphad-type modelling of the
Al—Fe—Ni ternary system. The works that exist are usually
restricted to one of the corners of the phase diagram.

Kaufman and Nesor [120] provided a first attempt in Cal-
phad modelling of the Al—Fe—Ni system. Their results de-
scribe in general lines the part of the phase diagram close to
the Fe—Ni binary system, for temperatures ranging from
927 °C to 1327 °C. One has to notice that the y’-NizAl
(L1,) phase was modelled as a binary compound, not allowing
therefore any solubility of Fe.

The ordering in the bec lattice was later studied by Ghosh
et al. [121] who, besides experimental investigation of an alloy
(solution treated at 1300 °C followed by water-quenching)
with composition within the miscibility gap B2 4 A2, per-
formed a calculation of a vertical section very close to that
shown in Fig. 7b. Their calculation predicts a large miscibility
gap, as expected from the experiments, but its closing into
a second-order reaction at a certain temperature (about
1000 °C, see Fig. 7b) was not reproduced by their model.

More recently, Jia et al. [71] presented a few experimental
results on the y-(Fe,Ni) — NisAl (L1,) transition near the
Ni-rich corner, based on diffusion couples equilibrated from
900 °C to 1300 °C. The new results were then combined
with the data from Bradley and Taylor [55] and further mod-
elled following the Calphad approach. It is important to notice
that the phase description employed by the authors considers
the A2 and B2 and the A1 and the L1, as distinguished phases,
contrary to the modern view on modelling of ordering reac-
tions within the Calphad formalism [122,123]. Nevertheless,
the results of Jia et al. [71] show a good agreement with the
experimental data, and no doubt should be considered as
a springboard to the modelling of the system, since it shows
that, adding only a few ternary parameters to the binary data-
bases, a good agreement with experimental evidence is imme-
diately reached.

5.1.1. Additional calculations

Apart from published works, the same database employed
for the calculation of the binary phase diagrams (see Section
2.1)—therefore containing binary interaction parameters
only—was used by the present authors for calculations within
the ternary Fe—Ni—Al phase diagram. In Fig. 5, a first result in
the modelling of the solidus surface is shown, together with
the experimental evidence, as already discussed in Section
2.3. It is seen that the introduction of a single ternary regular
solution term L(Liquid, Fe, Ni, Al;0) =+60 kJ/mol already
brings the calculation very close to the experimental data,
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allowing us to draw the same conclusion as in the preceding
paragraph.

In Fig. 12, another calculation using the preliminary data-
base is shown. It is an isopleth from NiAl to the Fe corner,
and should be compared with Fig. 7a. The calculation predicts
a very narrow three-phase field A1 + A2 4 B2 in this section.
As discussed previously, these results disagree with the data of
Dannghl [65], but are in full agreement with experimental iso-
thermal sections shown in Fig. 6a—g.

5.2. CVM calculations

The Fe—Ni—Al system has been subject to some
CVM (Cluster Variation Method) [124] and BWG (Bragg—
Williams—Gorsky)3 [125—129] calculations. Since the
investigators were mainly concerned with order/disorder trans-
formations, all works are restricted to less than 50 at% Al and
are usually limited to ordering in one of the base crystal struc-
tures, i.e. either bcc (A2, B2 and DOs) or fcc (Al, L1, and
L1,), and more rarely with interactions between the two.

In the first place, it is worth mentioning the general work
of Nishizawa et al. [130] on ternary ordering miscibility
gaps. The work is intended as an analysis of the Bragg—
Williams—Gorsky model as applied to ternary systems, and
the influence of different interaction parameters on the mor-
phology of the phase diagram. The model can be applied
directly to the A2+ B2 miscibility gap in the Fe—Ni—Al
system.

Shinoda et al. [131] analysed the stability of the B2 phase,
connecting it to the free-energy minimum curves inside the
ternary system, by means of the CVM in the irregular tetrahe-
dron (IT) approximation [132]. The parameters for the calcu-
lations were obtained from heat of sublimation for the pure
elements and alloy formation energies for the B2 phase [131].

In order to study the thermal concentration of vacancies,
Shinoda et al. [133, 134] employed a slightly modified CVM
approach to the Fe—Ni—Al plus vacancies system, applied
to the B2 structure [133] in the bcc lattice and to the L1, struc-
ture [134] in the fcc lattice (only for the binary Ni—Al in this
last case). The authors show successfully that the vacancy con-
centration in function of the Fe content in the B2 phase is in
good agreement with experimental Fe interdiffusion coeffi-
cients [103].

The D03 + B2 phase relationship at 427 °C (700 K) was
investigated by Gang and Yuanming [135] using the IT-
CVM approximation. It was found that the two-phase field
extends widely into the ternary system (up to =80 at% Ni),
starting as a second-order reaction at the Fe—Al binary.
However, only binary interaction parameters were used in
the calculations.

Ordering in the bcc and fcc lattices was investigated by
Lechermann et al. [84]. The interaction parameters for both
lattices were taken from ab initio results and adjusted to the
CVM tetrahedron approximation. The resulting phase

3 Which is basically the simplest case of the CVM formalism.

diagrams—both the limiting binaries and the isothermal sec-
tions—show a shift in the temperature scale so that, for com-
parison with experimental results, the calculated temperatures
have to be approximately halved. That only qualitative com-
parisons are possible is a very common problem when first-
principles data are employed in CVM calculations [136].
Nevertheless, the general features of the equilibria between
the A2 and B2 phases, and specially among the Al, B2 and
L1, phases, are well described.

6. Summary and conclusions

The available experimental data from the literature on the
Fe—Ni—Al system were reviewed, consisting of phase rela-
tionships and phase boundaries in the ternary system and ther-
mochemical and diffusion (both experimental and ab initio)
data. The equilibrium between <y’-NizAl and <y-(Fe,Ni) is
a part of the phase diagram that still needs critical experimen-
tal evaluation to overcome the discrepancy in the available
literature. The Al-rich corner of the ternary is also lacking
more substantial information, mainly regarding the solidus/
liquidus surfaces.

There are also only a few works concerned with thermody-
namic measurements in the ternary system. On the other hand,
there exist several investigations on site preferences, both
experimental and ab initio, but they are mainly—or exclusively-
—interested in site occupancy in the B2 ordered structure.
Also several papers on diffusion-related properties are found
in the literature. Since the DO0;-Fe3zAl structure has a high
technological appeal, it would be interesting to have more in-
formation about site occupancy in this structure.

The present status of the modelling of the system, following
the Calphad and the CVM formalism, was briefly reviewed. In
the case of Calphad modelling, the present status of the binary
databases seems to indicate a good starting point for a thermo-
dynamic description of the ternary system.
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