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266 Al-Fe-Ni

Aluminium — Iron — Nickel

Gabriele Cacciamani, Lorenzo Fenocchio, Liya Dreval

Introduction

The first extensive investigation of the Al-Fe-Ni ternary system, performed by [1933Koe], included the determination
of the liquidus surface and a series of vertical sections in the region < 50 mass% Al (s 75 at.% Al). Subsequently,
[1938Bra, 1940Bral, 1949Bra, 1951Bra] performed a more extensive investigation of phase equilibria in the
Al-Fe-Ni system. Further experimental work on phase equilibria was carried out by [1993Pov, 1994Gho, 1994Jia,
1999Dyb, 2000Dyb, 2002Bit].

Most of the early investigations were concentrated in the Fe-Ni rich part of the system, due to the structural and
magnetic properties of such alloys. It was only in the last decade of the last century that the discovery of
quasicrystalline decagonal phases in the Al-rich region [1989Tsa, 1994Lem, 1996Yam, 1997Sai, 2002Hir, 2003Doe]
promoted a more detailed investigation of phase equilibria at Al contents greater than 50 at.%.

The first critical assessment of the system was performed by [1980Riv] with minor amendments by [1988Ray] and
an update by [1992Bud]. [1994Rag] presented isothermal sections at 950 and 1050°C in the Al-rich part of the
diagram (> 50 at.% Al), an isothermal section at 1050°C in the Fe-rich part of the diagram (> 50 at.% Fe) and a vertical
section between NizAl and FeNis. The critical evaluation of the system, which includes the literature data up to 2003,
was also performed by [2004Bud]. A more recent critical assessment of the whole system was presented by [2006Ele].
In this work, phase equilibria determined by [1938Bra, 1940Bral, 1949Bra, 1951Bra] in the Fe-Ni rich area were
considered still valid. Latest phase diagram evaluations and related updates were compiled by [2005Rag, 2006Rag,
2008Rag, 2009Ragl, 2009Rag2, 2010Rag]. Moreover, a review which mainly focused on stable and metastable
quasiperiodic phases in ternary Al-based systems was presented by [2007Gru].

The first calculations of the whole phase diagram by the Calphad method were carried out by [1974Kau] at 927, 1127,
1327, and 1427°C. These calculations were mainly based on the phases obtained by [1940Bral] after slow cooling.
After that, the first recent thermodynamic assessment of the whole system was carried out by [2007Zhal].

This ternary system exhibits a continuous solid solution between NiAl and FeAl, whose equilibria are complicated by
structural and magnetic ordering transformations. This allows the system to be split into two parts: the Al-rich portion,
from 50 to 100 at.% Al, and the Fe-Ni rich region, from 0 to 50 at.% Al. In the border vertical section at 50 at.% Al
only the solidus curve has been experimentally determined, by [2002Bit].

The phase equilibria are very different within the two aforementioned regions: in the Fe-Ni-rich area either ordered
or disordered fcc - (yFe, Ni) and Niz(Fe, Al) - and bcc - (adFe) and (Fe,Ni)Al - extended solid solutions are present
and no ternary compound has been detected. On the contrary, in the Al-rich part, binary phases with limited ternary
solubility and ternary compounds generate a complex system of two- and three-phase fields.

Phase equilibria investigations performed up to the end of the last century have been discussed in the previous update
of this evaluation [2004Bud]. More recent experimental works on the system are summarized in Table 1.

Additional experimental investigations in the Fe-Ni-rich area were performed by [2004Him], with particular attention
given to the FeNi3-NizAl vertical section. After accurate preparation and equilibration, samples were analyzed by
LOM, SEM, TEM, XRD, and DSC. For T determination, VSM and ER were also used. Their results have been
considered particularly reliable for constructing the sections reported in this update, together with results by
[2007Chul, 2008Chu]. Chumak prepared and characterized a wide series of samples in this concentration range by
XRD, DTA and WDS. They reported the FeNi;-NizAl vertical section, the Nij(Fe,Al) lattice parameters and the
partial isothermal sections at 900, 1000 and 1100°C.

The central part of the ternary Al-Fe-Ni composition triangle presents a continuous B2 FeAl-NiAl solid solution.
Phase equilibria in this zone of the diagram seem relatively simple, and the last experimental investigation of the 50
at.% Al vertical section dates to [2002Bit], who determined the solidus curve by EDX and DTA. The liquidus curve
in this section was never investigated experimentally, but CALPHAD calculations were performed in the
thermodynamic assessment by [2009Zha].

Most of the recent experimental investigations of this system target the Al-rich corner, as a consequence of the
discovery of decagonal stable and metastable phases. The most reliable investigations were performed by
[2007Chu2], who determined vertical sections at different Al concentrations (60, 67, 71.5, 75, 80 at.% Al), a partial
isothermal section at 850°C and liquidus projection curves. Chumak also proposed a partial reaction scheme. Samples
in this work were analyzed by XRD, DTA and WDS. Another significant study in the Al-rich area was performed by
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Al-Fe-Ni 267

[2008Zha], who reported partial isothermal sections at 627 and 850°C, after characterizing the samples by XRD,
DTA, and WDS. In this work, particular attention was given to equilibria involving the ternary FeNiAlg and
Fe;NiAl; phases.

The previously mentioned complete thermodynamic assessment by [2007Zhal] was soon replaced by a new paper
from the same authors, [2009Zha], which reassessed the system in the full composition range and included the results
from [2007Chu2, 2008Chu]. In this new assessment, however, selected binary phases were considered to be
stoichiometric, with substantial consequences on the phase equilibria involving them. For this reason, in the present
evaluation, it was not possible to assume [2009Zha] as the reference work for the description of the system, despite
this being the most recent and complete thermodynamic assessment presently available; in fact, it was mainly used
where no other data were available or where the mentioned simplifications did not affect the phase equilibria.

For all areas of the ternary diagram, a combination of results from the above-mentioned authors was adopted in this
evaluation. The reasons for each choice, together with a more in-depth discussion on phase equilibria, invariant
reactions and the various isothermal and vertical sections, are presented later in the related chapters.

After 2009, no significant changes were proposed for the Al-Fe-Ni phase diagram. In fact, more recent studies were
focused on determining thermodynamic or crystallographic properties of previously discovered ternary decagonal
phases. The main works, in this sense, were performed by [2011Del, 2013Lep, 2014Bas, 2017Fer, 2019Lip] for
crystallographic investigations by XRD, SEM and EDX and by [20100nd, 2010Pan, 2010Rzy] for thermodynamic
measurements by solution or direct reaction calorimetry. Further details and discussion on the obtained results are
given later in this work, in the “Solid Phases” and “Thermodynamics” sections respectively.

Finally, in the last few years most of the research on the Al-Fe-Ni system has been focused on the determination of
several properties for potential applications. The main results are presented in the “Notes on Properties and Materials
Applications” section.

Binary Systems

The binary boundary systems Al-Ni and Fe-Ni have been accepted from the critical assessments of [2016Wan] and
[2010Cac], respectively. The Al-Fe phase diagram is accepted from the binary evaluation report of [2022Ste] and
presented in the chapter “A/ - Fe (Aluminium - Iron)” of this volume.

Solid Phases

Crystallographic data and temperature ranges of stability of the Al-Fe-Ni phases are listed in Table 2. In general, Fe
and Ni do not dissolve appreciably in (Al). Conversely, Al dissolves significantly in Fe and Ni, which form solid
solutions extending into the ternary system.

The Al-Fe based bcc solid solution (dFe) extends into the ternary system and its Ni concentration increases with
increasing Al. In the binary Al-Fe system, it orders forming (Fe,Ni)Al (CsCl-type) by a second order transformation.
The transformation becomes first order with increasing Ni additions.

The (Fe,Ni)Al phase forms a continuous range of solid solutions between Al-Fe, Al-Ni and toward Fe. The
transformation between the ordered (Fe,Ni)Al and disordered (ae0Fe) solid solutions, which is second order at high
temperature and in the vicinity of the Al-Fe binary subsystem, forms a miscibility gap in the ternary system. Lattice
parameters and hardness measurements in the (Fe,Ni)Al field have been carried out by [2001Tan]. Site occupancies
of Fe in NiAl were first investigated by [1994Dun] using atom-probe field-ion microscopy. After that, an exhaustive
study of lattice parameters, site occupancies and vacancy concentration, point defects, density and hardness was
carried out by [1997Pik, 2002Pik] in the (Fe,Ni)Al-region, over a wide range of compositions and temperatures. The
triple defect structure was observed across the entire phase field and constitutional vacancies were observed in all of
the Al-rich compositions. Thermodynamic predictions that Fe anti-sites are more stable than Ni anti-sites in the
Al-poor compositions were qualitatively confirmed. The lattice parameter as a function of composition for the
(Fe,Ni)Al phase was reported and is shown in Figs. 1a and 1b.

The fec solid solution (yFe, Ni) extends from the Fe-Ni binary subsystem to more than 20 at.% Al. With decreasing
temperature, it orders to form the Niz(Fe,Al) structure (AuCus type) at about 75 at.% Ni and forms a continuous solid
solution with the isostructural NizAl [1986Bra, 1987Mas, 1998Gom]. Fe can occupy both Al and Ni sublattices. In
an alloy with 2.5 at.% Fe, 78% of Fe atoms occupy the Al sublattice, while this value drops to 54% for an alloy with
9.3 at.% Fe [1977Nic]. Inclusion of Fe beyond 7 at.% does not influence the lattice parameters of Niz(Fe,Al)
[1959Gua, 19840ch, 2005Fuk, 2006Jia]. The variation of lattice parameters of the (yFe, Ni)/Nis(Fe,Al) phase as a
function of Al concentration are reported in Fig. 1c, based on [2002Pik, 2007Chul].
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268 Al-Fe-Ni

Site occupancies and substitution of Fe with Ni (about 3 at.%) in Fe;Al were investigated via neutron diffractometry
by [1998Sun].

The monoclinic Fe4Al; 3 phase dissolves up to 12.0 at.% Ni at 800°C. The precipitation mechanism of this phase was
investigated by [2013Tav].

NiAlj dissolves up to 2.5 at.% Fe [1996Grul] and Ni,Alj; can dissolve about 2, 4 and 10 at.% Fe at room temperature,
850 and 1050°C, respectively. Both Fe,Als and FeAl, can dissolve up to 2 at.% Ni at elevated temperatures
[1982Kha].

As previously mentioned, no ternary phases were reported in the Al-poor region of the system, while three stable
ternary phases were revealed in the Al-rich zone. The FeNiAlg phase (Co,Alg-type) is formed at almost constant §2
at.% Al and between 4.4 and 11.1 at.% Fe [1943Sch, 1999Dyb, 2000Dyb]. The same phase extends from 9 to 14.5
at.% Fe when precipitating from melt-spun samples [1996Zho]. Structural refinement was performed by [2007Chu2].

The hexagonal FesNiAl;, phase (Co,Als-type) has been observed at 1050°C in the Alyg.75 sF€1g.245Nijg5.45
composition range [1981Kha]; this phase was structurally characterized by [1990Ell, 2007Chu2] and confirmed by
[2014Bas] in a sample at the Al;oFeq5 sNij4 5 composition.

Quasiperiodic structures to which higher dimensional crystallography is applicable were first discovered in Al-Fe-Ni
alloys in 1989, when several different decagonal diffraction patterns were observed by [1989Tsa] in alloys prepared
by melt quenching. Since then, decagonal phases have been studied by several authors [1989Tsa, 1993Tan, 1994Lem,
1996Grul, 1997Sai, 2000Fre, 2001Hir, 2002Y ok, 2003Doe, 2004Gru, 2011Del, 2014Bas].

The best-known quasiperiodic phase of this system is t; (periodicity of about 0.4 nm), which is stable between 930
and 847°C in a composition range of less than 1 at.% around the Al;{NiyyFes composition [1994Gru, 1994Lem,
1996Grul, 2000Dro, 2003Doe]. This probably corresponds to an unidentified FeNi3 Al phase, previously observed
by [1982Kha]. The diffraction patterns of the t; phase are very similar to those of the Ni-rich decagonal phase found
in the more extensively studied Al-Co-Ni alloy system [1996Gru2]. It was argued by [1996Grul] that the stable
ternary T; phase is an extension of a metastable isostructural Al-Ni phase. The t; structure (identified as Al;3Niy,Fes)
has been discussed by [2011Del] in terms of a combination of clusters (2 nm diameter, P10,m symmetry group)
common to several decagonal structures.

Two more metastable D-phases with slightly different diffraction properties were observed by [1993Tan, 1997Sai,
2001Qia] at higher Fe contents. They were finally identified to be 1, of Al;g sFe;gNijg 5 composition, based on the
binary AlggNiy, and t3 of Al;, sFeq4 sNij3 composition, based on the binary AlggFe 4, according to [2014Bas].

Structural models belonging to the space groups P10m2 and P10s/mmc (or P10/mmm, according to [1993Tan]) were
found to approximately recreate the HRTEM images of quasicrystals at Fe;o Ni Aly, with 10 < x < 17 and
17 <x <20, respectively [1997Sai]. Disorder in these phases has been studied by synchrotron X-ray and neutron
diffraction experiments [2000Fre]. [2001Hir] found that large columnar clusters of atoms with a decagonal section of
about 3.2 nm in diameter exist as a basic structural unit.

According to [2004Gru] all quasicrystalline phases present in the system can be considered to be derived from
corresponding metastable binary phases, stabilized by addition of a third element. However, some of these phases
were also observed to survive relatively long term anneal at high temperature, posing doubts about their metastability.

Due to difficulties relating to experimental factors, such as the dependence of sample structure on the preparation
procedure, and the complex interpretation of results, the reported description of the Al-Fe-Ni decagonal phases may
still be considered incomplete. It is representative of a more complex situation (see also the “Miscellaneous ™ section).

Finally, the formation of amorphous Al-Fe-Ni alloys has been investigated by [2011Tav, 2013Tav] at the
AlgyFe (Ni; o composition.

Quasibinary Systems

No actual quasibinary section is present in the Al-Fe-Ni system.

However, FeAl-NiAl and FeNis-NijAl sections, where continuous solid solutions (CsCl type and AuCuj type,
respectively) appear, have been approximately considered as quasibinary by several authors.

Invariant Equilibria

Invariant equilibria have been recently investigated by [2007Chul, 2007Chu2, 2008Chu, 2008Zha]. Subsequently,
[2009Zha] performed a CALPHAD assessment of the system, considering the aforementioned works in addition to
the previous literature. However, certain issues exist which must be clarified experimentally.
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In the composition region with aluminium content lower than 50 at.%, phase equilibria involving the liquid phase
were investigated by [1933Koe, 1949Bra, 1951Bra, 1978Mar] and, more recently, by [2007Chu2]. The extensive
thermal analysis data of [1933Koe] became an object of criticism even by the early 1940s. The liquidus and solidus
temperatures and the coordinates of the peritectic reactions in the Al-Fe and Al-Ni systems were in poor agreement
with the later established binary phase diagrams. However, the proposed phase equilibria did not include the ordered
(Fe,Ni)Al phase. [1942Dan] proposed a reinterpretation of the data by [1933Koe] to include the ordered phase, but
phase equilibria involving the liquid phase were not changed.

[1949Bra] tried to reconstruct the liquidus surface in the region with aluminium content lower than 50 at.%. This
reconstructed projection was based on the updated phase diagrams of the Al-Fe and Al-Ni systems, the data of
[1933Koe], and the results of [1949Bra] for quenched specimens. However, the NiAl phase liquidus curve in the
Al-Ni phase diagram used by [1949Bra] significantly deviates from that accepted in the present work. Therefore, the
resulting isotherms of the liquid phase and the proposed monovariant L + (yFe, Ni) + (Fe,Ni)Al or L + (yFe, Ni) +
(adFe) equilibria gave higher temperatures for a given composition than those suggested by [1933Koe].

Moreover, the results of [1949Bra], as well as those of [1951Bra] regarding the equilibria involving L, (Fe,Ni)Al, and
(adFe) are not consistent with the later data of [1978Mar, 1984Hao]. The former proposed that the (Fe,Ni)Al = (¢0Fe)
transformation is of first order for alloys containing less than 50 at.% Al, i.e., a two-phase boundary should exist
between these phases, giving rise to a L + (adFe) = (Fe,Ni)Al + (yFe, Ni) reaction. This is not confirmed by the
findings of [1978Mar, 1984Hao] according to which the (Fe,Ni)Al = (a:0Fe) transformation is of first order up to
1050°C and becomes second order at 1150°C. This suggests that the invariant reaction between L, («dFe), (Fe,Ni)Al,
and (yFe, Ni) is also of second order, so that no two-phase (Fe,Ni)Al + («dFe) region exists. In addition, the liquidus
and solidus temperatures reported by [1978Mar] for the section with atomic ratio Ni:Al = 1:1 are significantly higher
than those of [1951Bra].

We must therefore conclude that the data of [1933Koe, 1949Bra, 1951Bra] are not fully reliable and that they should
not be used to estimate the invariant temperatures in the composition range with aluminum content lower than 50 at.%.
On this basis, critical assessment by [2006Ele], experimental data of [2007Chul] and calculation results of [2009Zha]
were here used to draw the monovariant lines and ascertain the position of the invariant reactions. The monovariant
curves were further adjusted for compatibility with the accepted binary Fe-Ni and Al-Ni systems. The coordinates of
the L + Niz(Fe,Al) = (yFe, Ni) + (Fe,Ni)Al reaction were accepted according to [2007Chul]. The temperature and
compositions of the phases involved in the e; minimum in the L = (yFe, Ni) + (Fe,Ni)Al curve were accepted from
the assessment by [2009Zha]. The temperature of this minimum (~1350°C) is close to that reported by [1933Koe]
(~1339°C) but the minimum itself is significantly shifted towards the Al-Ni side of the composition triangle. The
temperatures of the second order maximum c; and of the invariant reaction C;, as well as the location of the
order-disorder transformation curve, should be considered as raw estimates, mainly derived from results by
[1984Hao], since [2009Zha] did not provide any results for these transformations.

The invariant reactions in the Al-rich corner essentially derive from the reaction scheme by [2007Chu2], with
adjustments to preserve consistency with the accepted binary systems. The accepted reaction scheme is therefore
based on the experimental data of [2007Chu2], which substantially agree with the results of the earlier works by
[1943Sch, 1942Phi, 1982Kha, 1996Grul]. The scheme is supported by the later results of [2007Zhal, 2019Lip]. The
FesAlg + Fep,Als = (Fe,Ni)Al + FeAl, reaction is tentative, and it was added in the present work.

The reaction scheme from [2009Zha], in partial agreement with [2007Chu2], contains maxima in the monovariant
curves, which are possible but not experimentally supported. Moreover, the assessment by [2009Zha] does not
consider the homogeneity ranges of the Fe,Als and FeAl, phases in the Al-Fe system and the solubility of Fe in NiAl;
in the ternary system. This means that the calculated invariant equilibria involving these phases may not fully reflect
the actual invariant reactions experimentally measured.

Another issue concerning invariant equilibria regards reactions involving NiAlz. According to the Al-Ni phase
diagram accepted in the present evaluation, this phase forms via a peritectic reaction at 850°C. According to
[2007Chu2] this compound is involved in two invariant reactions, L + Ni;Al; = t; + NiAl; at 864°C and L + 1, =
Fe,Aly5 + NiAlz at 860°C, 14 and 10°C higher respectively than the binary peritectic temperature. It should be noted
that in the 840 - 864°C temperature range, at least four invariant reactions occur, involving four solid phases: NiAlj,
Ni,Als, T; and Fe4Al, 5. It follows that experimental determination of the actual sequence and the nature of equilibria
in this range is complicated. However, [1996Grul, 2007Chu2] found that NiAl; dissolves up to 2 at.% Fe at 850°C,
suggesting that this phase possibly nucleates at a temperature higher than 850°C in the ternary system. In the present
evaluation, it is tentatively suggested that NiAl; forms in the ternary system at 864°C, which is not in contradiction
with experimental vertical sections by [2007Chu2]. This means that the L + Ni;Aly = t; + NiAl; reaction proposed
by [2007Chu2] is here changed to L + NiyAl; + t1 = NiAly (P3).
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270 Al-Fe-Ni

Based on these considerations, the accepted reaction scheme and the coordinates of invariant reactions are reported
in Fig. 2 and Table 3, respectively.

Liquidus Surface

The Al-Fe-Ni liquidus surface can be divided into two separated regions: an Al-rich corner, recently investigated by
[2007Chu2, 2008Zha, 2019Lip], and an Al-poor area, recently investigated by [2005Him, 2007Chul, 2008Chu,
2011Kas]. The liquidus surface in its entirety was recently evaluated by [2006Ele] and calculated by [2007Zhal,
2009Zha, 2011Kas].

As previously discussed in the “Invariant Equilibria” section, the data of [1933Koe, 1949Bra, 1951Bra] cannot be
used to construct the liquidus projection in the composition range with aluminum content lower than 50 at.%.
Therefore, the projection of the liquidus surface for the Al-poor area was re-drawn considering critical assessment by
[2006Ele], which is based on earlier investigations, vertical sections by [2002Bit, 2007Chu2, 2008Chu] and the
thermodynamic assessment by [2009Zha], in addition to the liquidus curves of the accepted binary systems (Fig. 3).
It should be noted that [2009Zha] did not discuss the contradictions between different datasets for this region: they
used only experimental results of the FeAI-NiAl [2002Bit] and FeNiz-NizAl [2008Chu] sections.

Considering all the aforementioned information, some uncertainty remains about the shape of the liquidus surface in
the central part of the composition triangle. According to earlier authors there is an evident saddle point close to the
Fe-NiAl section, between 60 and 70 at.% Fe, causing the presence of a significant minimum along the same section.
However, according to [2009Zha], no minimum seems to be present in this area. The extrapolation of the relatively
well-established isothermal lines at x(Al) > 0.5 suggests that the minimum in the liquidus surface, if present, is less
evident than suggested by [1949Bra] and other early works, but this does not help to definitely solve the uncertainty.

As a conclusion, the liquidus projection reported here for compositions less than 50 at.% Al is mainly based on
[2009Zha], with minor modifications to be consistent with the accepted binary systems.

In the Al-rich part, the liquidus is mainly based on the experimental investigations by [2007Chu2] (Fig. 3b), while
liquidus lines reported in the isothermal sections investigated by [1982Kha] seem less reliable. Further details about
this part of the liquidus projection have been discussed in the “Invariant Equilibria” section.

The solvus surface of the (yFe,Ni) phase in equilibrium with Ni3(Fe,Al) between 600 and 1000°C is reported in Fig. 4,
based on electrical resistivity measurements by [2005Him].

Isothermal Sections

Early experimental investigations of the Al-Fe-Ni phase equilibria (including partial isothermal sections) were
conducted by [1933Koe, 1939Wim, 1941Kiu, 1942Dan] in the Fe-Ni-rich area, and by [1942Phi, 1943Sch, 1947Ray]
in the Al-rich corner.

The first studies on the whole composition range were conducted by [1938Bra] on samples slowly cooled at 10°C/h.
After that, a more detailed investigation in the 0-50 at.% Al region was presented by [1949Bra, 1951Bra], who
reported isothermal sections at 1350, 1250, 1150, 1050, 950, 850 and 750°C in addition to liquidus surface and
vertical sections. Further isothermal sections at high temperature have been experimentally investigated in the
0-50 at.% Al region by [2005Him] at 1300, 1100 and 900°C, by [2008Chu] at 1200, 1100, 1000 and 900°C and, in
the Al-rich corner, by [1982Kha] at 1050 and 950°C.

For higher temperatures (> 1050°C), the isothermal sections adopted here are based on the critical assessment by
[2006Ele] and on the experimental investigations by [1984Hao, 2007Chul, 2007Chu2, 2008Chu], with small
adjustments to be consistent with the accepted binary systems. The resulting isothermal sections at 1350, 1250, 1150
and 1050°C accepted here are reported in Figs. 5 to 8.

At 1350°C, the second order transition between (e:0Fe) and (Fe,Ni)Al is missing since it has not been investigated at
this temperature. This section is mainly based on experimental data from [1949Bra] (also accepted in [2006Ele]
critical assessment), with modifications coming from vertical sections accepted in this work and from the binary
systems. Similar considerations apply to the 1250°C isothermal section (Fig 6), where the second order transition is
instead visible.

At both 1350 and 1250°C, the Al-rich corner is completely occupied by the liquid phase; it follows that these sections
can be considered complete. At these temperatures, the wavy shape of the (Fe,Ni)Al + L two-phase field proposed by
[1949Bra] and accepted in the critical assessment by [2006Ele] has been modified, in agreement with more recent
experimental work by [2007Chu2] and the thermodynamic assessment conducted by [2009Zha].
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At 1150°C, the Al-rich part of the system is missing (Fig. 7). No isothermal section was experimentally investigated
in this composition range at temperatures higher than 1050°C.

The main work regarding the miscibility gap between (0dFe) and (Fe,Ni)Al was performed by [1984Hao], who found
that the tricritical line and the (20Fe) + (Fe,Ni)Al + y(Fe,Ni) three-phase field appear at an undetermined temperature
between 1150 and 1050°C.

At 1050°C, the isothermal section accepted here results from that reported by [2006Ele], with modifications according
to [1984Hao], for the (0Fe) + (Fe,Ni)Al miscibility gap, and to [2007Chu2] for the shape of the liquidus curve, which
in [2006Ele] was based on [1982Kha] (Fig. 8). The accepted binary systems have also been considered.

For lower temperatures (< 1050°C) the situation becomes more complicated. The experimental studies in this region
comprise isothermal sections at 950, 900, 850 and 750°C investigated by [1949Bra, 1951Bra, 1982Kha, 1996Grul,
2005Him] in addition to the Al-rich sections at 850 and 627°C investigated by [2008Zha] and Al-poor sections at 1000
and 900°C investigated by [2008Chu]. In the thermodynamic assessment by [2009Zha], the isothermal sections at
950, 850 and 627°C were calculated based on all the previous data, but the results of this assessment were
oversimplified since the solubilities of several binary and ternary phases were not considered, with implications on
the invariant equilibria involving them.

The isothermal section at 950°C is reported in Fig. 9. This section was investigated in the Al-rich corner by
[1982Kha]. It is scarcely reliable for the liquidus curve, but is in good agreement with other authors for the solid-state
equilibria. In the Al-poor area, the data by [1949Bra, 1951Bra, 1984Hao] have been considered.

The 850°C isothermal section is the lowest temperature completely investigated section: it is reported in Fig. 10. The
Al-rich corner of the section comes from [1982Kha] and [2007Chu2], modified to be consistent with the accepted
reaction scheme. The Al-poor area of the section, on the other hand, is based on [1949Bra, 1984Hao, 2009Zha] in
addition to the binary subsystems. It should be noted that this section coincides with the temperature of E;
(decomposition of t;) in the ternary system and pg (peritectic formation of NiAl;) in the Al-Ni system. For clarity,
the triangle of the E invariant is shown, together with the NiAl; solution phase, already present at higher temperature
in the ternary.

The 750°C isothermal section reported in Fig. 11 comes from [1951Bra] and does not include the Al-rich corner since
the available experimental data of [1982Kha] are too scarce to draw all phase fields reliably.

At 627°C the only experimental investigation was performed by [2008Zha] in the Al-rich area. The resulting partial
isothermal section is reported in Fig. 12 (with the usual modifications to agree with the accepted binary systems). In
the Al-poor region no data are available.

Finally, the phase fields reported in Fig. 13 reflect results obtained from the analysis of alloys slowly cooled at 10°C/h
from 900°C (600°C in the Al-rich corner) by [1938Bra, 1940Bral, 1940Bra2].

Temperature — Composition Sections

Early studies of temperature-composition sections were performed by [1933Koe, 1941Kiu, 1942Dan, 1951Bra,
19511va]. These sections seem very approximate, considering the scarce agreement between them and the liquid-solid
phase equilibria accepted here. Second order transitions seem to be poorly defined in these sections and contradictions
exist, especially between the data of [1933Koe, 1941Kiu, 1942Dan, 1951Bra] and that of [1984Hao, 2002Bit]. For
these reasons, early sections not recently re-investigated are not reported in this assessment.

The Fe-NiAl vertical section reported by [2006Ele] was based on results by [1933Koe, 1941Kiu, 1942Dan, 1951Bra,
19511va]. It is used here as a starting point for the section reported in Fig. 14. With respect to [2006Ele], melting
equilibria are dashed, according to the comments reported in the “Liguidus, Solidus and Solvus Surfaces” section, the
second order (dF¢) = (Fe,Ni)Al transition is modified according to [1984Hao] and the (a:6Fe) + (Fe,Ni)Al two-phase
field boundaries are modified according to [1984Hao, 2008Chu]. The Curie temperature (7(-) line is added in the same
field, at about 700°C (experimental measurements vary between 680°C [1942Dan] and 743°C [1978Mar]). Other
minor modifications were adopted to maintain coherence with the accepted binary systems.

The vertical section NizAl-Fe; Al was investigated by [1949Bra, 1987Mas, 1994Jia, 1998Gom, 2004Him, 2007Chul,
2008Chu] but the results are appreciably different. All these works were considered in [2009Zha] thermodynamic
assessment, but the authors did not indicate the weight assigned to the different data. The section reported in Fig. 15
is mainly based on results from [2004Him, 2007Chul]. Equilibria at high temperature, close to NizAl (Fig. 15b), are
based on [2007Chul] and are dashed since phase equilibria in this area are uncertain.

For the FeAl-NiAl vertical section, only the solidus curve has been determined experimentally, which was by
[1949Bra] and [2002Bit]. The solidus curve accepted here comes from interpolation between the results reported in
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these two works. The liquidus curve has not been determined experimentally, but it was calculated in the
thermodynamic assessment by [2009Zha]. In Fig. 16, the liquidus curve is dashed and a two-phase field narrower than
calculated by [2009Zha] is proposed to be more consistent with the accepted (yet uncertain) liquidus surface.

More systematic investigations of the Al-Fe-Ni vertical sections were performed by [2007Chu?2] in the Al-rich corner
at 60, 67, 71.5, 75, 80 at.% Al Its work, in addition to the previous literature, was considered in the thermodynamic
assessment by [2009Zha] who calculated vertical sections at 50, 60 and 80 at.% Al. Once again, this assessment
appears oversimplified. For this reason, the isopleths reported here come from the vertical sections by [2007Chu2],
combined with accepted isothermal sections, binary systems and the accepted reaction scheme. They are reported in
Figs. 17-21.

The main issue is regarding the 850 - 864°C temperature range of the aforementioned isopleths. Consistent with the
accepted liquidus surface, a P-type equilibrium at 864°C is introduced instead of the U-type proposed by [2007Chu2]
(see comments in the “Liquidus, Solidus and Solvus Surfaces” section). Moreover, in the Fe-rich part of the isopleths
at 60 and 67 at.% Al, the U, invariant equilibrium FesAlg + Fe,Als = (Fe,Ni)Al + FeAl, is tentatively proposed at a
temperature between 1095 and 1140°C, to be consistent with accepted phase fields at higher and lower temperatures.
Consequently, two- and three-phase fields were added in the vertical sections at 71.5 and 75 at.% Al to preserve
agreement with the Al-Fe phase diagram and avoid any phase rule violation: no experimental point determined in the
aforementioned isopleths contradicts with the adopted modifications.

Thermodynamics

The temperature and enthalpy of fusion of the decagonal FesNi,4Al;| phase prepared by inductive melting of the pure
metals, water cooling and subsequent annealing for 300h at 880°C have been respectively determined at 967 + 5°C
and 13.0 + 0.4 kJ-mol ™! of atoms by [1999Hol]. The standard enthalpy of formation of the (Fe,Ni)Al phase at different
compositions has been measured by Al solution calorimetry by [1993Zub] and, with very good reproducibility, by
[2001Bre] and [2003Su]. Their results are reported in Table 4.

[2006Ben] determined the activity of the component elements in B2-AlFeNi alloys at 1127°C by Knudsen Effusion
Mass Spectrometry (KEMS); the obtained results, reported in Table 5, were used to calculate the thermodynamic
properties of the investigated alloys.

Formation enthalpies of AlINis-based alloys with iron additions were determined by solution and direct reaction
calorimetry by [2010Rzy]. The results from the two different methods were compared and they are reported in
Table 5.

The specific heat of the t; decagonal phase was determined between 4.2 K and 40 K by [2010Pan] using both
thermodynamic methods and inelastic neutron scattering. The obtained variation of lattice heat capacity with
temperature is reported in Table 5 and Fig. 22.

Further heat capacity measurements were performed by [20100nd] on (Fe,Ni)Al solid solutions by DSC between 100
and 600 K, after homogenization. The obtained results were fitted using the Kelley equation, as reported in Table 5.

Thermodynamic data have also been calculated by CALPHAD assessment [2009Zha, 2011Du] or by Miedema’s
model [2012Ada].

Notes on Materials Properties and Applications

Fe is one of the most important constituents of Ni-base superalloys. Although the B2-structured NiAl phase has a high
melting temperature, high thermal conductivity and high resistance to oxidation, it lacks high temperature strength.
This can be overcome using Fe or other minor additions such as Ga or Mo [2002Alb], and a systematic study of
correlation between point defects and Fe precipitates has been undertaken [1998Ko, 2002Alb]. Moreover, the
influence of iron on physical, mechanical (grain size, yield strength) and magnetic properties of NiAl was investigated
by [2002Ban, 2002Mun]. More recent studies on the effect of Fe on NiAl powders were performed by [2004Cam],
obtaining a significant improvement of ductility. [2006Gar] examined the possibility of enhancing NiAl workability
and tensile ductility by alloying with Fe via induction melting and subsequent heat treatment (hot rolling). Indeed,
these compounds would be of higher practical interest if their attractive high temperature behavior could be combined
with good room temperature formability. This aim may be achieved by introducing a substantial amount of disorder
in their crystal lattice. Several techniques have been proposed such as melt spinning, ion irradiation, mechanical
alloying [1991Kos, 1995Gaf, 2001Sur] and introduction of dopants such as carbon [2002Kim] or boron [2007Col].
[20070rb] investigated the effects of Fe addition in NiAl;-Fe doped alloys, observing a major improvement in the
mechanical resistance and formability as the Fe content increases.
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Regarding physical properties, the presence of Fe in the NiAl phase improves fatigue behavior under cyclic
accumulated strain [1991Har]. The fracture toughness and yield strength of the (Fe,Ni)Al phase (Fe,(NigsAls5
composition) is improved by mechanical alloying with small additions of Y,0O3, promoting grain refinement
[1991Kos]. Fe doping induces magnetic transitions in NiAl alloys, increasing the ductility and decreasing the critical
stress needed to move dislocations along the slip axis [2012Hua]. Studies on dislocation movement were also
performed by [2006Wan, 2009Laz], confirming the effect of Fe in increasing the ductility and reducing the creep rate.
Furthermore, using Fe as a container for mechanosynthesis of Ni-Al alloys, the required energy for mechanical
alloying of Fe itself is reduced [2007Joa]. When large amounts of Fe are dissolved into an Al-Ni alloy, large magnetic
effects are observed and a magnetic softening phenomenon occurs, according to [2007Liu]. Magnetic transitions at
low temperatures for these kinds of alloys was also discussed by [2007Uwa], who suggested that magnetic properties
can be used as indicators of solid solution softening or hardening when Fe is added to an Al-Ni alloy. Significant
solution softening by Fe dissolution in NiAl alloys for magnetic reasons was also proved by first-principle
calculations [2004Fu]. Vibrational properties of Fe impurities in NiAl intermetallics were investigated by nuclear
inelastic scattering of synchrotron radiation and inelastic neutron scattering by [2004Par2]. Fe doped NizAl alloys
show increased disordering temperatures thanks to the strong Fe-induced magnetic effects [2013Lep].

The effect of Ni and Ni-containing compounds on Al-Fe alloys has been extensively investigated. Their effect on
grain size and shape [2019Yas], strength and magneto-mechanical damping [2013Yas], internal friction and yield
strength [2009Y as], pseudo-elasticity [2007Yas] and structural, elastic and electronic properties [2017Zhe] has been
determined. Moreover, Ni atoms entering the Fe;Al crystal lattice in Fe sites increase the plasticity of the resulting
ternary alloy [2012Niu]. Al-Fe powders doped with Ni showed higher vacancy concentration than the pure powders
when investigated by Mossbauer spectroscopy [2008Han]. The presence of NijAl nanoparticles affects ternary fcc
Al-Fe-Ni alloys by decreasing the vacancy accumulation, as demonstrated by results from positron annihilation
spectroscopy [2006Dru]. Mossbauer spectroscopy has been used by [2010Sag] to study the dissolution of dispersed
NizAl intermetallic particles in matrices of fcc Fe-Ni-Al alloys at 340 K in displacement cascades produced by
neutrons. Factors affecting the rate of dissolution of intermetallic particles have been investigated. Furthermore, the
effect of Ni on the B2-FeAl structure was investigated by [2011Che] through molecular dynamics and by [2005Str]
via ab initio calculations. In [2011Che], the site preference of each type of defect and the changes in lattice parameters
and bulk modulus associated with the presence of defects in the FeAl matrix, were studied. Meanwhile, [2005Str]
investigated the effect of Ni on the energy of vacancy formation. Ni also affects the lattice parameter and magnetic
hyperfine field in (Fe;gAl30)100_Ni, alloys, according to [2010Pal]. The effect of precipitation of NiAl intermetallic
particles was analyzed by [2010Sch] so that the different stages of the process could be modelled and thus the material
properties could be optimized by modifying the aging time.

Nanostructured Al-Fe-Ni materials show significant kinetics of reordering even at 300°C. However, complete
reordering cannot be achieved, even after a long anneal at 600°C [2002Joa]. Al-Fe-Ni alloys are good precursors for
the preparation of Fe-Ni powders with high surface area and interesting catalytic properties [ 198 1Kha]. Ternary alloys
with nominal compositions NizgFes;Algs and NijsFe yAl;5 prepared by mechanical alloying were used to obtain
Fe-Ni Raney-type catalysts by leaching aluminum with an alkaline aqueous solution [2000Zei]. Further synthesis and
leaching studies on ternary Al-Fe-Ni alloys were performed by [2008Kim1, 2008Kim3], who completed his studies
by measuring the magnetic properties of resulting alloys in [2008Kim2]. Factors controlling recrystallization of
continuously cast Al-Fe-Ni alloys were determined by [2006Nii], after analyzing the microstructure, grain structure,
texture and backscattered electron patterns of a heat-treated sample (also containing small percentages of Si, Zn
and Zr).

Other Al-Fe-Ni alloys were investigated by [2004Sch], underlining the potential of these alloys as bases for ferritic
superalloys and future applications. New promising alloys in this system can be obtained by mechanical alloying as
in [2004Maz] and [2010Sha, 2011Sha]. [2010Sha, 2011Sha] also investigated the effect of plastic deformation on
particle dissolution and, consequently, on the alloys properties.

Many more studies focused on the alloys of this system, given their promising behavior. AlsyFe;oNigg,
A125F327.5Ni47.5, Al45Fe35'Ni20, A115Fe75Ni10, A117Fe33Ni50 and Al]oFesoNi40 alloys were prepared and
characterized by [2006Tsa, 2006Wan, 2007Mun, 2010Sor, 2012Ma, 2013Had] respectively. A wider series of alloys
with formula Al,sFe Ni;s_, was prepared and characterized by [2004Kau]. A more recent and complete work on these
alloys was performed by [2017Wan], creating a mechanical properties database based on first principle calculations
for multicomponent alloys, focusing mainly on the Al-rich corner.

New materials may be obtained through thermal explosion reactions as an alternative to combustion synthesis. The
order of reaction, n, and the activation energy, E, of thermal explosive reactions for Fe;gNisyAly( (in mass%) have
been respectively measured as n = 0.37 and E = 152 kJ/mol [2002He]. The maximum reaction temperature is 657°C,
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higher than the eutectic temperature between Al and NiAls, so that the thermal explosion consists of both liquid and
solid-state reactions. Moreover, the high temperature thermal stability of an Al-Fe-Ni eutectic alloy was investigated
by [2019Bia].

Al-Fe-Ni alloys present a shape memory effect in the (Fe,Ni)Al+(yFe,Ni) field [1992Kai]. Control of the Ms
(Martensite start) temperature is difficult to achieve in Al-Ni alloys because of the very sensitive dependence on Al
content. However, it is very easily achieved in the ternary two-phase alloy by manipulating the composition of the
(Fe,Ni)Al phase through appropriate choice of annealing temperatures. Other recent studies on shape-memory
Al-Fe-Ni alloys were performed by [2008Muk, 2011Zho] and [20060ik] who analyzed the decrease of martensitic
temperature as a function of Fe content. Furthermore, melt-spun ribbons of the NissFey; sAly; 5 Ferromagnetic
Shape-Memory Alloy (FSMA) were extensively characterized by [20110ku], who investigated their microstructure,
martensitic transformation and magnetic properties.

More recently, some alloys of this system have become of great interest thanks to their full-Heusler behavior. The
Fe,NiAl alloy was extensively investigated by [2019Gan], focusing on its mechanical, magnetic and transport
properties. He also described crystal and band structure, determining the effective magnetic moment and the
ferromagnetic ordering. The same alloy was also investigated by [2012Shr], who measured its optical properties and
[2016Dah, 2018Wei] who performed DFT and ab initio calculations to determine its Curie temperature and
metallicity. Moreover, the FeNi,Al alloy also showed full-Heusler behavior both experimentally [2007Zha2] and in
DEFT calculations [2018Wen]. Structural, electronic, dynamic and thermodynamic properties of the FeNi,Al alloy
have been theoretically investigated by [2020Ben]. Further calculations on mechanical, electronic and thermal
properties of such alloys were performed by [2021Liu].

Possible future applications for the alloys of this system regard the human body environment, thanks to their oxidation
resistance. [2009Cas] investigated the electrochemical behavior of several Al-Fe-Ni alloys in simulated human-body
conditions by potentiodynamic polarization experiments, electrochemical impedance spectroscopy and
electrochemical noise measurements. Similar studies were performed by [2007Gon], who underlined the effect of
different Ni concentrations and thermal treatments on the corrosion resistance of Al-Fe-Ni ternary alloys in the same
conditions: the best results were obtained for 5 at.% Ni alloys heat treated at 400°C for 144 h.

The Al-Fe-Ni alloys can be reinforced by favoring the in-situ formation of composite materials. This can be achieved
by the addition of K, TiF¢ or KBF, to the alloys in liquid form, obtaining needle like crystallites of Ti composites and
nanoparticles, which results in interdendritic precipitation and alloy strengthening [2009Vou]. Also, nanoscale
precipitations can be used to strengthen the Al-Fe-Ni alloys: the kinetics of this process was investigated by magnetic
measurements via VSM [2011Dum, 2012Dum]. The upper temperature limits for possible long-term applications of
Al-Fe-Ni materials were defined by [2008Mun], who suggested the optimum annealing conditions to obtain alloys
with thermally stable microstructures.

The main works on Al-Fe-Ni materials properties are schematically reported in Table 6.

Miscellaneous

The crystallographic features of decagonal structures and the formation rules for Al-Fe-Ni quasicrystals were
presented in [1996Yam, 2002Hir] and [2001Qia], respectively. Several different decagonal diffraction patterns have
been first observed by [1989Tsa] in Al-Fe-Ni alloys prepared by melt quenching in the composition range 9-16 at.%
Ni, 9-21 at.% Fe, balance Al in good agreement with the more recently proposed Fe,o Nijg,Alyg (0 < x < 10)
composition range [1993Tan, 1997Sai].

[1993Tan] and [1997Sai] found by convergent-beam electron diffraction (CBED) that Fe,_ Ni;o4,Al;g quasicrystals
belong to the noncentrosymmetric P10m2 (for 0 < x < 7) and to the centrosymmetric P10/mmm (for 7 < x < 10) space
groups. Moreover, these quasicrystals present periodicities multiple of 0.4 nm along the tenfold axis [1997Yam].
These structures probably correspond to the t3 (Fejs sNijzAls, 5) and T, (Feg g3Nijg34Aly0g3) phases, whose
structure has been described by [2001Qia]. The T3 phase was observed to coexist with the FesNiAl,( phase (denoted
as FeNiAls in the original paper). Decagonal phases reveal higher positron lifetime than crystalline compounds
[1995Wue], which implies higher concentration of structural vacancies. A characteristic feature of these structures,
isotypic with decagonal phases encountered in Al-Co-Ni and Al-Co-Cu systems [1994Gru], is that they consist of
2 nm clusters with pentagonal symmetry. The superstructure is due to chemical ordering in the central part of the
clusters. More recently, a cluster-based composition rule for stable ternary quasicrystals of the Al-Fe-Ni system was
developed by [2006Don]. Star-shaped and butterfly-shaped tiles observed in quasicrystals are well understood from
observations of [2002Yok]. Diffuse synchrotron scattering of X-rays and neutrons shows disordered layers
perpendicular to the unique tenfold axis [2000Fre].
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The amount of transition metals in decagonal phases precipitating in the Al-Fe-Ni alloys is connected to solid solution
hardening, caused by intermetallic phases dispersion [2005Set]. By mixing pure Al with the Al;sFe;oNi;5 and
Al;1Fey4Nis decagonal alloys it is possible to influence type, number and properties of the forming phases in the
resulting alloy [2005Set].

The latest study on decagonal phases was carried out by [2021Mly], performing a complete characterization (by
LOM, XRD, HRTEM, and DSC) of a rapidly solidified Al;;Ni,4Fes alloy.

The diffusion experiments, carried out at 1002°C in the B2 (NiAl) domain of the ternary system presents anomalous
behavior [1976Moy], since the interactions among the various components are strongly composition dependent. This
is explained [1997Kai] by NiAl having a wide composition range and exhibiting two types of structural imperfections,
depending on the nature of deviation from stoichiometry. In NiAl, iron was observed to preferentially substitute
aluminum atoms whatever the AI/Ni ratio [1994Dun, 2002Ban, 2007Liu]. Substitution (up to 10 at.%) of Al by Fe in
NiAl causes decreasing of the lattice parameter and increasing of the Young’s modulus [1991Mas]. More generally,
the introduction of Fe increases the hardness of Al rich alloys, while the opposite effect is observed in Ni rich alloys
[1997Pik, 2001Tan, 2007Liu]. This softening is attributed to the replacement of Ni anti-site defects with Fe defects
on the Al sublattice. Moreover, the site preference of Ni in (Fe,Ni)Al ordered iron aluminide has been determined
using ALCHEMI technique (Atom Location by Channeling-Enhanced Microanalysis), first in the FesoNisAlys alloy
[1997And] and then in the whole (Fe,Ni)Al domain (40 to 52 at.% Al) [2002Pik]. Ni was found to occupy Fe sites
exclusively, displacing Fe to Al anti-sites [2002Ban, 2002Pik]. The influence of Ni on formation and growth
characteristics of Fe based aluminide diffusion layers has been modelled [1998Akd, 1999Mek] by a quasichemical
method combined with an electronic theory in the pseudopotential approximation; furthermore, the influence of Fe
on lattice parameters and hardening of NiAl has been modelled [2002Liu] by first principle quantum mechanical
calculations. 4b initio calculations on the stability of the B2 phase were performed by [2006Fuk], who underlined the
strong B2 stabilizing effect of Ni. More diffusion studies in the B2 (Fe,Ni)Al domain were performed by [2004Div,
2006Div], who concluded that the diffusion rate of Fe is 3 to 5 times higher than that of Ni, which diffuses faster as
the Fe content increases in the alloy. Controversial results on the interdiffusion processes in (Fe,Ni)Al alloys were
found by [2004Her], who determined the site preferences of the different elements and vacancies during diffusion.

The site preference in various (Fe,Ni)Al solid solutions (Fe,Nisy_»Alsg ., Fe,Nisy_Alsg, and Fe,NispAlsq
compositions) has also been modelled [2002Boz] via Monte-Carlo simulation. A phenomenological model for
multicomponent diffusion in the (Fe,Ni)Al phase was presented by [1999Hel] and the calculated diffusion paths were
compared with the experimental results from [1976Moy]. The OTL (ordering tie-line) approach [2000Ama]
confirmed previous observations showing that, while Ni segregates preferentially to the Fe sublattice in Al depleted
FeAl, Fe segregates preferentially to the Al sublattice in Al depleted NiAl. Moreover, [2006Kau] investigated the
effect of site disorder on the martensitic transition and the Curie temperature in a sample at the NissFeygAlys
composition.

Other diffusion studies by [2003Cerl, 2003Cer2] determined the ternary interdiffusion coefficients along the
AINi3-FeNij vertical section in the 900-1260°C temperature interval by diffusion couples method. A more complete
study of diffusion profiles and reaction paths as a function of ideal mixing entropy was performed by [2010Leu].
Experimental investigations of long-range ordering kinetics in Ni;sAlys, Fe, (0 < x < 15) alloys with L1,
superstructure were carried out by [2004Par1].

A more systematic study on diffusivities in Al-Fe-Ni melts was performed by [2010Zha], evaluating atomic mobilities
of Al, Fe and Ni atoms by using the DICTRA software. As a conclusion of his work, an atomic mobility database for
the Al-Fe-Ni system was built.

[2006Ako] found a series of anomalies of the magnetic and elastic properties in a FeqsNiy3Al;, shockwave compacted
powder mixture studied by X-ray diffraction, microstructure observation, temperature dependence of magnetic
susceptibility, elastic modulus and internal friction determination. Factors causing such anomalies were suggested.

Finally, [2012Ada] provided a full thermodynamic description for the (Al,Fe)Ni; phase, prepared by mechanical
alloying of powders. Gibbs free energy and mixing enthalpy changes were calculated by an extended Miedema’s
model; the intermetallic compound formation resulted to be favored over solid solution or amorphous phase formation
at any composition.
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Table 1: Recent Investigations of the Al-Fe-Ni System

Reference Experimental Technique Temperature/ Composition/Phase Range Studied
[2002Bit] Electron probe microanalysis (EPMA), Ni,Aljgg_y (45 <x <47) and
energy-dispersive X-ray spectroscopy (EDX),  Fe Nisq ,Alsg (0 <y <50),
high-temperature differential thermal analysis ~ 1259-1681°C. Solidus determination
(DTA)
[2002Pik] X-Rays diffraction (XRD), Vickers hardness 40 to 52 at.% Al, samples quenched from 700°C
measurements, transmission electron and 1000°C.
microscope (TEM), EDX, channeling enhanced Atomic site occupancy in the (Fe,Ni)Al domain
microanalysis
[2002Y ok] Scanning transmission electron microscopy FesNi;5Al;, prepared with a single roller
melt-spinning apparatus (t3 phase). Crystal
structure of decagonal phase
[2003Dsa] XRD, SEM, EDX, inductively coupled plasma  As-cast, annealed, and rapidly quenched
optical emission spectroscopy Fe Ni;sAlys_ (x=0, 5, 10, 20) samples. Site
preference occupancy for Fe in NizAl.
[2004Him] Light optical microscopy (LOM), TEM, EPMA, FeNi;-NizAl section at 2.5-20 at.% Al, (yFe, Ni)
XRD, differential scanning calorimetry (DSC), and Nis(Fe,Al) boundaries, Curie temperature
vibrating sample magnetometry, electrical
resistivity measurements
[2004Parl] Isochronal quasi-residual resistometry Long-range ordering kinetics in Fe,Ni75Aly5_,
(x=2,3,5,10, 15) (at.%)
[2005Fuk] Calculations using linear-muffin-tin-orbital Site preference occupancy for Ni in Fe;Al
method for the coherent potential approximation
[2005Him] LOM, EDX, EPMA, TEM, electrical resistivity Partial isothermal sections at 900°C, 1100°C
measurements and 1300°C. Phase boundaries between (yFe,
Ni), Niz(Fe,Al), (Fe,Ni)Al. Solvus temperatures
for (Fe,Ni)Al. Vertical section at 30 at.% Ni.
[2006Ben] Knudsen-effusion mass spectrometry Fe Niso_Alsg (x =8, 16, 25, 34, 42),
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thermodynamic properties
[2006Kau] Magnetization measurements, electrical FesNiypAlys, FeqgNigsAlys, FeygNisgAlys
resistivity measurements, neutron diffraction (at.%). Thermoelastic martensitic transformation
and site disorder
[20060ik] DSC, TEM-EDX, SEM-EDX Tie-lines between (yFe, Ni) and (Fe,Ni)Al at
1200°C
[2007Abe] XRD, anomalous X-ray scattering experiments, Fe;(Ni;gAl;, (t5) (at.%). Short-range order in
Monte Carlo simulations decagonal quasicrystal
[2007Chul] XRD, DTA, EPMA, wavelength dispersive FeNi;-NizAl section, lattice parameters of
spectroscopy (WDS) Nis(Fe,Al) at 450°C, partial isothermal section
at 1000°C
[2007Chu2] XRD, DTA, EPMA, WDS Partial isothermal section at 850°C and isopleths
at 60, 67, 75, 80 at.% Al. Temperatures of
invariant reactions, partial liquidus surface.
Crystal structure of FeNiAlg and Fe;NiAly,.
[2007Zhal] DTA Phase transformations temperatures
Thermodynamic assessment using the Isothermal and vertical sections, temperatures of
CALPHAD method invariant reactions, liquidus surface,

thermodynamic properties
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Reference Experimental Technique Temperature/ Composition/Phase Range Studied
[2008Chu] XRD, EPMA, WDS Partial isothermal sections at 900°C, 1000°C,
1100°C
[2008Zha] XRD, SEM-EDX, EPMA Partial isothermal section at 850°C, 627°C
[2009Zha] High-temperature reaction calorimeter Fe;NiAl;, FeNiAlg. Enthalpy of formation.
First-principles calculations Fe;NiAl;, FeNiAlg, Nis(Fe,Al). Enthalpy of
formation.
Thermodynamic assessment using the Isothermal and vertical sections, temperatures of
CALPHAD method invariant reactions, liquidus surface,
thermodynamic properties
[2010011(1] DSC FeloNi50Al40, Fe30Ni30A140, FeSONi10A140
(at.%). Specific heat at 27-327°C
[2010Pan] Pulse adiabatic calorimetry Fe4 7Nipg gAly; 3 (at.%) (t1). Specific heat at
4.2-40K
[2010Rzy] Solution calorimetry, direct reaction calorimetry (yFe, Ni), Niz(Fe,Al). Formation enthalpy
[2011Del] XRD NisFe,,Alqs (at.%) (1), single crystals
[2012Yil] EDS, SEM, XRD, DSC Fe5gNig g1Al49 ¢ (at.%). Temperature of
order-disorder transformation
[2013Lep] Electrical resistivity measurements, DTA Fes5Ni Alys_, (x =3, 5, 7), Fe73NiAly7_,
(x=1,2), Fe71Ni,Alyg_, (x =4, 8) in at.%.
Temperatures of phases transformations
involving (yFe, Ni), Niz(Fe,Al), (Fe,Ni)Al.
[2014Bas] LOM, XRD, SEM, EDS F615‘5Ni14.5Al70, Fe5Ni24Al71 (at%) SlOle
cooled samples. Phase relations involving
Fe3NiA110, T1
[2017Fer] Diffusion couples, XRD, SEM, EDS, Vickers = 49.99-78.12 at.% Fe, 22.46-9.13 at.% Ni,
hardness measurements 27.55-12.75 at.% Al. Phase relations involving
(Fe,Ni)Al
[2019L1p] SEM, EDS, XRD, DSC FegNilelgz, Fez'sNi13'5A184 (mass%). Liquidus

and solidus temperatures. Specific heat capacity
of FeNiAlgy

Table 2: Crystallographic Data of Solid Phases

Phase/ Pearson Symbol/ Lattice Parameters  References/Comments
Temperature Range Space Group/ (pm)
O] Prototype
(AD) cF4 a=404.96 pure Al at 25°C [Mas2]
<660.452 Fm3m solubility for Fe (the Al-Fe system): 0.023 at.%
Cu [2019Ran]
solubility for Ni (the AI-Ni system): 0.3 at.%
[2016Wan]
(aOFe) cl2 Strukturbericht designation: 42
<1540 Fm3m solubility for Al (the Al-Fe system): 45.0 at.%
\Y [1993Kat, 2007Ste]
solubility for Ni (the Fe-Ni system): 6.4 at.%
[2010Cac]
ferromagnetic below 770°C
aFe a=1286.65 at 25°C [Mas2]
<912
OFe a=293.15 [Mas2]
1538 - 1394
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Phase/ Pearson Symbol/ Lattice Parameters ~ References/Comments
Temperature Range ~ Space Group/ (pm)
(°O) Prototype
(yFe, Ni) cF4 solubility for Al (the Al-Fe system): 1.35 at.%
<1514 Fm3m [1993Kat]
Cu solubility for Al (the AI-Ni system): 21 at.%
[2016Wan]
complete mutual solubility between Ni and Fe
[2010Cac]
ferromagnetic below 605°C [2010Cac]
vFe a=364.67 pure Fe at 915°C [V-C2, Mas2]
1394 -912
(N1) a=352.40 pure Ni nickel at 25°C [V-C2, Mas2]
<1455
Fe;Al cF16 sometimes named o or y; phase
<545 Fm3m Strukturbericht designation: D0
BiF; ~24 to ~34 at.% Al at 400°C [1993Kat]
a=579.30 at 23.1 at.% Al, water-quenched from 250°C
[1958Tay]
a=578.86 at 35.0 at.% Al, water-quenched from 250°C
[1958Tay]
a=579.98 at 25 at.% Al and 3 at.% Ni [1998Sun]
Extends less than 10 at.% Ni into the ternary
[1940Bra2]
FesAlg cI52 Sometimes named Fe,Al;
1231 - 1095 143m Strukturbericht designation: D8,
CusZng 56.0 to 64.5 at.% Al [2016Li]
a=2897.57 = 0.02 at 1120°C and 59.4 at.% Al [2010Ste]
FeAl, aP19 Sometimes named ¢ phase
<1146 Pl 64.7 to 66.7 at.% Al
FeAl, a=487.45 at 66.4 at.% Al [2010Chu]
b=645.45
c=873.61
o =87.930°
B =74.396° dissolves 2.5 at.% Ni at 1050°C [1982Kha]
y = 83.062°
Fe,Als 0(C24 Sometimes named 1 phase
1159 - ~331 Cmem 68.4 to 72.5 at.% Al
Fe,Als a=765.59 + 0.08 at 71.5 at.% Al [1994Bur]
b=641.54 + 0.06
c=421.84 + 0.04 dissolves 2 at.% Ni at
1050°C [1982Kha, 1993Pov]
Fey Al mC102 Referred to as FeAls in old literature before
<1150 C2/m ~1995
Fey Al Sometimes named O phase
74.5 to 76.9 at.% Al
a=1548.8 + 0.1 single crystal grown by Czochralski technique
b=1808.66 + 0.05 [2008Gil, 2010Pop]
c=1247.69 + 0.08
B =(107.669+0.004)° dissolves up to 12 at.% Ni at 800°C [1996Grul ]
NiAl; oP16 a=0661.3 £ 0.1 [1996Vik]
<850 Pnma b=736.7 + 0.1
NiAly c=481.1+0.1 dissolves 4 at.% Fe [1982Kha]
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Phase/ Pearson Symbol/ Lattice Parameters ~ References/Comments
Temperature Range  Space Group/ (pm)
(°O) Prototype
NiAl; hP5 59.2 to 64.0 at.% Al [2016Wan]
<1127 P3ml a=404.2 + 0.1 at 57 at.% Al [1982Ell]
NiyAly c=491.5+0.1
a=4053 £ 0.1 at 63 at.% Al [1982Ell]
c=490.2 + 0.1
dissolves up to 10 at.% Fe at 1050°C [1982Kha]
NizAly cl112 a=1140.7 £ 0.1 at 56 at.% Al [1989Ell]
<702 Ia3d Ordered variant of the defect CsCl structure
Ni3Ga4
NisAly oC16 a=1753 at 37.5 at.% Al [1993Kha]
<641 Cmmm b =661
PtsAgs c=376
(Fe,Ni)Al cP2 Sometimes named [ phase
<1680 Pm3m Strukturbericht designation: B2
CsCl 23.5 to ~53 at.% Al (the Al-Fe system)
[2007Ste]
29 to 41 at.% Al (the Al-Ni system) [2016Wan]
FeAl a=289.53-290.90  at 36.2 to 50.0 at.% Al, water-quenched from
<1318 250°C [1958Tay]
NiAl a=288.72 + 0.02 at 50 at.% Al [1996Pau]
<1680 a=287.98 + 0.02 at 46 at.% Al [1996Pau]

Variation of the lattice parameters for different
ternary compositions is shown Figs. 1a and 1b

Niz(Fe,Al) cP4 Sometimes named y phase
<1369 Pm3m Strukturbericht designation: L1,
AuCuy Complete solid solution between NizAl and
FeNij at 7< 500°C
NizAl a=356.95 + 0.03 at 25 at.% Al (the Al-Ni system) [1991Ell]
<1369 a=356.80 £ 0.02 to at24-27 at.% Al (the Al-Ni system) [1991EIl]
357.64 + 0.01

23 to 28 at.% Al at 1000°C (the Al-Ni system)
[2016Wan]
dissolves up to 15 at.% Fe at 1000°C [1986Bra]

FeNiy a=355.25+0.01 at 75 at.% Ni (the Fe-Ni system) [1967Ng]
<514
55.5-83 at.% Ni (the Fe-Ni system) 353°C
[2010Cac]
*FeNiAlg m* a=624.06 + 0.01 Single crystals extracted from the
<809 P2,/c b=629.93 + 0.01 Feg 5Nij; 7Alg, (at.%) alloy [2007Chu2]

CoyAly ¢=1859.92 + 0.01
B=(95.129 + 0.001)° 7.3-12.7 at.% Ni, 10.4-4.7 at.% Fe at 620°C
[1943Sch], confirmed by [1999Dyb, 2000Dyb]

*Fe3NiAlj, h* a=770.937 + 0.005 Single crystals extracted from the
<~ 1116 P63/mmc c=767.947 + 0.008 Feqg 5NijpAl; 5 (at.%) alloy [2007Chu2]
C02A15

a=767.81+0.01to 23-15.7 at.% Fe, 5.6-12.9 at.% Ni,
77131 £ 0.01  71.4-71.4 at.% Al (at.%) [1982Kha]
c=77131 2 0.01 to
76432 + 0.01  18-23.8 at.% Fe, 10-4.6 at.% Ni,
70-71.7 at.% Al (at.%) at 1050°C [1982Kha]
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Phase/ Pearson Symbol/ Lattice Parameters ~ References/Comments
Temperature Range ~ Space Group/ (pm)
(°O) Prototype
*11, (Al NiyFes) - Decagonal phase with small solubility range
~850-930 P102m Fe4~9Ni23.4A171.7-F65Ni24A171 (at.%)
- [1994Lem, 1996Grul, 2008Chu]. Denoted as q
by [2008Chul].
ap = 378 [1994Lem]
cp ~ 411
Diameter of the decagonal section ~3200 pm
[2001Hir]
ap=3733 Metastable in the Al-Ni binary system
cp =407.3 at 24-30 at.% Ni [1997Poh]
T, (m) - Metastable in the ternary system
P105/mmc Space group is according to [1997Sai]
- ap = 712 F69.83N119.34A170.83 at.% [2001Q1a]
cp =409
Exists at 13-10 at.% Fe, 17-20 at.% Ni, 70 at.%
Al [1993Tan, 1997Sai, 2001Qia]
Metastable in the Al-Fe binary at 86 at.% Al
[1986Fun]
T3 (m) - Metastable in the ternary system
P10m2 Space group is according to [1993Tan, 1997Sai]
- ap = 713.4 Fel4‘5Ni13Al72‘5 at.% [2001Q1a]
cp =818
Exists at 13-20 at.% Fe, 17-10 at.% Ni, 70 at.%
Al[1993Tan, 1997Sai, 2001Qia]
Table 3: Invariant Equilibria
Reaction T(°C) Type Phase Composition (at.%)
Al Fe Ni
(Fe,Ni)Al = (adFe) ~ 1520 cy, critical  — - - -
L, (adFe), (Fe,Ni)Al, (yFe, Ni) 1400-1500 Cy, critical - - — -
L + Niz(Fe,Al) = (yFe, Ni) + (Fe,Ni)Al 1366 U, L 22 5 73
Niz(Fe,Al) 24.5 0.5 75
(yFe, Ni) 20 4 76
(Fe,Ni)Al 28 0.5 71.5
L = (yFe, Ni) + (Fe,Ni)Al* ~1350 €, min L ~20 ~12 ~68
L + FesAlg = (Fe,Ni)Al + Fe,Alg 1137 U, L 70 22 8
L + (Fe,Ni)Al + Fe,Als = Fe3NiAly 1121 P, L 72 17 11
L + FeyAls = FeyAly3 + FesNiAly ~1116 Us L 74.5 17.5 8
FesAlg + Fe2A15 = (Fe,Nl)Al + FeA12 > 1095 U4 - - - -
L + (Fe,Ni)Al = Ni,Al; + FesNiAly 1069 Us L 73 10 17
L+ Fe3NiA110 = FG4A113 + N12A13 1030 U6 L 75 8 17
L+ Fe4A113 + N12A13 =T 930 P2 L 79 4 17
L+ T1 + N12Al3 = N1A13 864 P3 L 82 2.8 15.2
L + 1ty = FeyAl 3 + NiAl, 860 U, L 83 3 14
71 = FeyAls + NipAly + NiAly ~850 E, T 71.7 4.9 23.4
Fe,Aly5 75 14 11
NipAly 61 2 37
NiAly 75 2 23
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Reaction T(°C) Type Phase Composition (at.%)
Al Fe Ni

L+ Fe4A113 + N1A13 = FeNlAlg 809 P4 L ~87 ~2 ~11

L + FeyAlj3 = (Al) + FeNiAly 650 Ug L ~98 ~1 ~1

L = (Al) + NiAl; + FeNiAlg 638 E, L ~96.5 ~0.3 ~3.2

* according to the thermodynamic assessment of [2009Zha]

Table 4: Thermodynamic Data of Reaction or Transformation

Reaction or Transformation T(°C) Quantity per Reaction Comments
(J, mol, K)

xFe(a)+y(Ni)+zAl(liq) 800 AeH =-42780 + 280 x=0.42,y=0.08,z=0.50

~Fe Ni AL ((Fe,Ni)Al) AeH =—-48730 + 220 x=0.34,y=0.16,z=0.50
AeH =-54420 + 240 x=0.25,y=0.25,z=0.50
AeH =-60860 + 230 x=0.16,y=10.34,z=0.50
AeH =—-65740 + 270 x=10.08,y=0.42,z=0.50
AeH =-39870 + 230 x=0.46,y=0.09,z=0.45
AeH =-45740 + 050 x=0.37,y=0.18,z=0.45
AH =-51920 + 140 x=0.275,y=0.275,z=0.45
AeH =-58070 + 110 x=0.18,y=0.37,z=0.45
AH=-63110 + 060 x=10.09,y=0.46,z=0.45
AeH =-65380 + 100 x=0.0,y=0.55,z=0.45
AeH =-30920 + 240 x=0.59,y=0.06,z=0.35
AeH =-35460 + 310 x=0.53,y=0.12,z=0.35
AeH =-51520 + 290 x=0.145,y=0.505,z=0.35

Al solution calorimetry [2001Bre]
xFe(a)+y(Ni)+zAl(liq) 25 AgH =-58000 + 3000 x=10.0,y=0.50,z=0.50
~Fe,Ni AL ((Fe,Ni)Al) AfH =-56800 + 2300 x=10.02,y=0.50,z=0.48

AgH =-54100 + 2100
AgH = —48400 + 2400

x=0.05,y=0.50,z=0.45
x=0.10,y=0.40, z=0.50
Al solution calorimetry [1993Zub]

xFe()) + 0.75 (Ni) + (0.25—x) Al(liq) 850 AH =—42300 + 1600  x=0.00
~Nig 75(Fe Al 25 1) AH=-41800 + 1600  x=0.02
AH=-40400 + 1500 x=0.04
AH=-37100 + 2200  x=0.06
AH=-26600 + 2500  x=0.085x=0.11
AgH =-20300 = 2500 Al solution calorimetry [2010Rzy]
xFe(a) + 0.75 (Ni) + (0.25x) Al(liq) 27 AH=-39400 £ 600  x=0.00
~Nig 75(Fe, Al 25 ) AdH=-39700 + 1100 x=0.02
AeH =-38100 + 1100 x=0.04
AeH =-34200 + 600 x=0.065
AeH =-28800 + 600 x=0.09
AeH =-23300 + 600 x=0.12
AeH=-17100 + 1200 x=0.15
AeH =-12700 + 800 x=0.18
AeH=-8100 + 1500 x=0.215
AeH =—-4200 + 600 x=0.25

Direct synthesis at 859°C [2010Rzy]
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Reaction or Transformation

T (°C) Quantity per Reaction

(J, mol, K)

Comments

xFe(a) + y(Ni) + z(Al) ~Fe,Ni AL (¥) 25

ApH = 25800 + 1400
AgH =-36700 = 1600
ApH =-29800 + 1900
ApH = —44500 + 900

ApH = —47700 + 1200
ApH = -28300 + 2600
ApH =-32800 + 2700
ApH = -35400 + 3100
ApH = —42800 + 1900
ApH = —48800 + 1500
ApH =-24700 + 1100
ApH =-32300 + 1800
ApH = -39400 + 1300
ApH = —41200 + 1200
ApH = —41500 + 1200
ApH = —43800 + 1300
ApH =-34200 + 1100
ApH =-27900 + 1400
AgH =-30600 = 1800
ApH =-28300 + 1200

x=10.09,y=0.09,z=10.82
x=0.14,y=0.14,z=0.72
x=10.40,y=0.10,z=0.50
x=0.25,y=0.25,z=0.50
x=10.10,y=10.40,z=0.50
x=10.50,y=0.10,z=0.40
x=0.40,y=0.20,z=0.40
x=10.30,y=0.30,z=0.40
x=10.20,y=10.40,z=0.40
x=10.10,y=10.50,z=0.40
x=0.57,y=0.10,z=0.33
x=0.50,y=0.17,z=0.33
x=0.33,y=0.33,z=0.33
x=0.22,y=0.45,z=0.33
x=0.17,y=0.50,z=0.33
x=0.10,y=0.57,z=0.33
x=10.30,y=0.40,z=10.30
x=0.50,y=0.25,z=0.25
x=0.25,y=0.50,z=0.25
x=0.07,y=0.75,z=0.18

Direct synthesis [2003Su] quoted in

[2006Hu]
(*) Resulting phase not indicated
Table 5: Thermodynamic Properties of Single Phases
Phase Temperature Range Property, per mole of atoms Comments
°O) (J, mol, K)
T (—268.95) - (-267.65) Cp=0.80-T++0.006(5) T3 ®p =670 K [2010Pan]
(Fe,Ni)Al at (-173) - (+327) {J, g, K), not (J, mol, K)

(Fey.Nig 6))Alp 4

Cp=0.805+1.055-107°-T-4.548-T %> x=0.5
~10.4- 77 -6.39-10%773 +596.3- 7

Cp=0.789-3.811-10°-7-3.239-T 05  x=0.3
—22.7-T7' 2.444-103-773 +233.7-72

Cp=0.817-1.1781047-4396-T 0> x=0.1
-9.154-771 -4.931-10% 773 +433.2:7

[20100nd]

(Fe,Ni)Al at 1127
Fe,Ni Al

ape=(3.63 + 0.65) -107!
an; = (8.2 +2.5)-107
an =(6.79 = 0.85) 1072

ap.=(3.78 = 0.13) -107!
an; = (1.82 £ 0.29) 1073
an = (4.08 = 0.88) 1072

ap. = (4.81 £ 0.17) -107!
an; = (5.03 £ 0.32) 1073
ax =(2.76 = 0.10) -1072

x=0.46,y=0.09,z=0.45

x=0.37,y=0.18,z=0.45

x=0.275,y=0.275,z=0.45
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Phase Temperature Range Property, per mole of atoms Comments
(°0) (J, mol, K)
(Fe,Ni)Al at 1127 ape = (5.38 + 0.26) 107" x=0.18,y=0.37,z=045
Fe,Ni Al an; = (1.186 + 0.093) 1072
(continued) ax = (1.414 + 0.026) 11072
ape = (3.66 = 0.35) 107! x=0.09,y=0.46,z=0.45

ay; = (3.64 + 0.34) -1072
an =(3.72 £ 0.26) -107°

ape = (148 + 0.25) 107! x=042,y=0.08,z=0.45
ani=(5.0 = 1.1) 107
apn =(1.75 £ 0.22) -107!

ape=(1.562 + 0.053) -107! x=034,y=0.16,z=0.50
ani=(82+1.9)-107
ax = (1.069 + 0.027) 107!

ape=(2.11 + 0.14) -107! x=0.25,y=0.25,z=0.50
an; = (1.197 + 0.034) 1107
an =(75+1.7)-107

ape=(2.56 + 0.14) -107! x=0.16,y =0.34,z=0.50
ani = (2.69 + 0.44) -1073
ax = (4.18 £ 0.74) -1072

ape = (2.244 + 0.064) -107! x=0.08,y=0.42,2z=0.50
an; = (534 £ 0.11) 107>
an =(2.52 + 0.23) 1072

ape=(1.01 £ 0.15)** probably x =0.35, y = 0.35,

ani=(74 £ 1.4) 1072 z=0.30, reported as

an = (2.26 = 0.15) 1073 x=0.25,y=0.25,2=0.30
[2006Ben]

ape =094+ 1.3) 107! x=0.325,y=0.325, z=0.35

an; = (3.52  0.66) -1072
ax = (4.996 + 0.064) .10~

ape = (7.36 + 0.45)-107! x=0.30,y=0.30,z=0.40
an; = (158 £ 0.17) -1072
an =(9.5+ 1.4)-107

ape=(1.154 + 0.080) -107! x=0.24,y=024,2=0.52
an;i = (5.98 + 0.23) 1074 [2006Ben]
ax =(1.167 + 0.018) <107

** = measured value, it should be < 1

Table 6: Investigations of the Al-Fe-Ni Materials Properties

Reference Method / Experimental Technique Type of Property
[1981Kha] LOM, EDX, XRD Catalyst properties of Fe-Ni powders
[1991Har] Extrusion, mechanical tests Mechanical properties of Al;yFe,(Nis alloy
[1991Kos] LOM, mechanical tests Mechanical properties of NiAl-based alloy with Fe
addictions
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Reference Method / Experimental Technique Type of Property
[1992Kai] XRD, SEM, mechanical tests Thermoelastic properties of Al-Fe-Ni alloys in the
B2 domain
[1995Gaf] XRD, EDX Structural investigation of Fe-(AINi)
nanocrystalline and amorphous alloys
[1998Ko0] VSM, TEM, DSC Defect effect on precipitation and properties of
Fe-Ni-Al alloys
[2000Zei] XRD, Mgssbauer spectroscopy Characterization of Al-Fe-Ni catalytic alloys
prepared by mechanical alloying
[2001Sur] Mechanical tests Mechanical properties of mechanically alloyed
Al-Fe-Ni alloys
[2002Alb] XRD, TEM Effect of Fe mechanical alloying to NiAl
intermetallic compound
[2002Ban] TEM, EDS, ALCHEMI Properties of Fe addictioned Ni-Al alloys
[2002He] DTA Kinetics of thermal explosion reaction in Al-Fe-Ni
system
[2002])0a] XRD, DSC Thermal stability of mechanically alloyed Al-Fe-Ni
alloys
[2002Mun] TEM, mechanical and wear tests Microstructure, mechanical properties and wear of
Al-Fe-Ni alloys
[2004Cam] EDX, SEM, XRD, mechanical tests Microhardness and Microstructure of Fe
addictioned NiAl intermetallic compound
[2004Fu] XRD, first principles calculations, neutron =~ Mechanical and magnetic properties of NiAl
diffraction, mechanical tests intermetallic with Fe addictions
[2004Kau] XRF, magnetometer Magnetic properties of Ni;5_ Fe Alys as cast,
annealed and quenched alloys
[2004Maz] XRD, SEM, TEM, mechanical tests Density and microhardness of FeygAlygFesy
[2004Par2] Nuclear inelastic scattering of synchrotron ~ Vibrational properties of Fe in NiAl intermetallics
radiation, neutron inelastic scattering
[2004Sch] SEM, mechanical tests Mechanical behavior of Fe-Ni-Al alloys
[2005Str] Ab initio calculations Effect of Ni doping on FeAl vacancy formation
energy
[2006Dru] TEM, ACAR spectra Effect of nanoparticles on irradiated Fe-Ni-Al
material
[2006Gar] SEM, STEM, EDX, XRD, mechanical tests Effect of hot rolling on room temperature ductility
of NiAl intermetallic compound
[2006Nii] SEM, EBS, TEM, mechanical tests Recrystallization behavior in twin-roll continuous
cast Al-Fe-Ni alloy
[20060iKk] DSC, TEM, VSM Martensitic and magnetic transitions in B2 Ni-Al-Fe
alloys
[2006Tsa] ICP-AES, SEM, EDS, mechanical tests Mechanical behavior of Cr or Nb modified
AlysFeyq sNigg 5 alloy
[2006Wan] SEM, EDX, mechanical tests Fe effect on NiAl creep properties
[2007Col] TEM, mechanical tests Mechanical properties of B-doped Fe-Ni-Al B2
alloys
[2007Gon] SEM, electrochemical tests Corrosion behavior of Ni-doped FeAl alloys in
human body environment
[2007Joa] XRD, DSC Milling criteria for NiAl alloys mechanosynthesis
[2007Liu] First principles calculations, EELS, TEM,  Magnetism and solid solution effect on
SQUID, ALCHEMI method Fe-addictioned NiAl alloys
[2007Mun] SEM, TEM, EDX, mechanical tests Microstructure and mechanical behavior of

Al45FC35Ni20 alloy
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Reference Method / Experimental Technique Type of Property
[20070rb] XRD, SEM, mechanical tests NizAl properties after Fe addition by mechanical
alloying or reactive synthesis
[2007Uwa] Mossbauer spectroscopy, magnetic Mossbauer effect on Fe-doped NiAl intermetallics
measurements
[2007Yas] Mechanical tests Effect of Ni on pseudo-elasticity of Fe;Al single
crystals
[2007Zha2] XRD, PPMS magnetometer Superparamagnetic behavior of melt spun Fe,NiAl
ribbons
[2008Han] Maossbauer spectroscopy Point defect structure of Ni-doped Al-Fe powders
[2008Kim]] XRD, DSC, SEM, TEM, VSM Chemical leaching of Al ¢(Nij 5Feg 5)g 4 alloy
[2008Kim2] XRD, DSC, SEM, TEM, VSM Chemical leaching of Al(Ni-Fe) powders
[2008Kim3] XRD, DSC, TEM, VSM, SQUID Magnetic Properties of Al(Ni-Fe) powders
[2008Muk] VSM, mechanical tests Dynamic-Elastic properties and Magnetic
susceptibility of Al,sFe,(Niss alloy
[2008Mun] SEM, EDS, TEM, mechanical tests Coarsening kinetics of metastable nanoprecipitates
in Al-Fe-Ni alloys
[2009Cas] SEM, electrochemical tests Electrochemical properties of Al-Fe-Ni alloys in
human body environment
[2009Laz] Ab initio DFT calculations Magnetism-related ductility (magnetic and slip
properties) of NiAl-Fe alloys
[2009Y as] Mechanical tests, magnetic measurements ~ Magneto-mechanical damping of Ni-doped Al-Fe
alloys
[2010Pal] XRD, Mdssbauer spectroscopy Effect of Ni on Fe;gAlj( alloys lattice parameter
and magnetic hyperfine field.
[2010Sag] Madssbauer spectroscopy Dissolution of dispersed Ni;Al intermetallic
particles in matrices of fcc Fe—Ni—Al alloys
[2010Sch] Three-Dimensional Atom Probe (3DAP), Precipitation behavior of NiAl intermetallics in
Small Angle Neutron Scattering (SANS) Al-Fe-Ni alloy
[2010Sha] Mechanical tests, Mdssbauer spectroscopy ~ Deformation induced particles dissolution in
AlgoFe;5Nis alloy
[2010Sor] XRD, SEM, mechanical tests Hardness of B2 Al;sFe;sNi; alloy after aging and
coarsening
[2011Che] Total energies first principles calculations  Effect of Ni on the B2-FeAl structure
[2011Dum] TEM, VSM NisgFe, Alsg_, (x =20, 25, 30) alloys magnetic
properties and precipitation kinetics
[20110ku] XRD, TEM, Magnetic measurements Microstructure, magnetic properties and martensitic
transformation of NissFe,, 5Al5, s FSMA alloy
[2011Sha] Mechanical tests, Mossbauer spectroscopy ~ Deformation induced particles dissolution in
Fe-Ni-Al alloys
[2011Zho] XRD, DSC, Mechanical tests, Phase transformation in oil quenched Al-Fe-Ni
shape-memory alloy
[2012Dum] XRD, TEM, VSM Kinetics and microstructure of microalloyed
Al-Fe-Ni alloys
[2012Hua] Mechano-elastic tests, ab initio calculations Magnetism induced ductility in Fe-addictioned
(DFT), TEM NiAl intermetallic
[2012Ma] XRD, mechanical tests, FESEM NisgAl;;Fes; alloy microstructure and mechanical
properties
[2012Niu] First principles calculations Electronic and mechanical properties of Ni-doped
Fe;Al intermetallic compound
[2013Had] XRD, Méssbauer spectroscopy Mechanically alloyed Fes(NiggAl; structural and
microstructural properties
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Selected Al-Fe—X Ternary Systems for Industrial Applications



Al-Fe-Ni 299

Reference Method / Experimental Technique Type of Property

[2013Lep] Resistivity measurements, DTA NizAl-Fe alloys phase transformation and
disordering temperatures

[2013Yas] Mechanical tests, TEM, SAED patterns Ni effect on strength and damping capacity of Al-Fe
alloys

[2016Dah] First principles calculations Magnetic properties of Fe,NiAl

[2017Wan] Frist principles calculations Mechanical properties of Al-Fe-Ni alloys

[2017Zhe] DFT calculations Structural, elastic and electronic properties of
Ni-addictioned B2 FeAl intermetallics

[2018Wei] First principles and Monte Carlo calculations Exchange interactions and Curie Temperatures of
Fe,NiAl

[2018Wen] First principles calculations Martensitic transformation temperature and
magnetic properties of NiyFeAl

[2019Bia] XRD, DSC, SEM, ICP-AES, Hardness High temperature thermal stability of Al-Fe-Ni

measurements eutectic alloy

[2019Gan] DFT calculations Band structure, Spin magnetic moment, State
density, Band gap, Seebeck Coefficient, Thermal
and electrical conductivities

[2019Yas] APB energy calculations, TEM, mechanical Effect of NiAl precipitation on Al-Fe-Ni single

tests crystals

[2020Ben] DFT calculations Structural, electronic, dynamic and thermodynamic
properties of FeNi,Al alloy

[2021Liu] First principles calculations Mechanical, electronic and thermal properties of

FeNiyAl

Fig. 1a: Al-Fe-Ni.
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Al-Fe-Ni

Fig. 1b: Al-Fe-Ni.
Lattice parameter of
B-phase, (Fe,Ni)Al as
a function of
composition at
constant Fe:Ni ratio

(0 - for NiAlL « - FeAl)

Fig. 1c: Al-Fe-Ni.
Lattice parameter of the
(YFe, Ni)/Nis(Fe,Al)
phase as a function

of Al concentration
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Al-Fe-Ni
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Al-Fe-Ni

Fig. 3a: Al-Fe-Ni.
Projection of the
liquidus surface

Fig. 3b: Al-Fe-Ni.

Enlarged portion of the
liquidus projection in

Al corner
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Ni
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Fig. 4: Al-Fe-Ni.
Solvus of the
(yFe, Ni) phase

Fe

Fig. 5: Al-Fe-Ni.
Isothermal section at
1350°C.

The order-disorder
transformation is not
shown.

Fe
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Ni

data curves & grid: at.%
Fig. 6: Al-Fe-Ni. axes scaling: at.%
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Ni data curves & grid: at.%
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Ni data curves & grid: at.%
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Fig. 10: Al-Fe-Ni. :
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Fe 0.00
ﬁ: 2888 data curves & grid: at.%

NiAl axes scaling: at.%

Fig. 12: Al-Fe-Ni.
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Al-Fe-Ni

Fig. 14: Al-Fe-Ni.
Vertical section at
molar ratio of Ni:Al
as 1:1

Temperature, °C

Fig. 15a: Al-Fe-Ni.
Isopleth at 75 at.% Ni

Temperature, °C
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Fig. 15b:Al-Fe-Ni.
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