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ABSTRACT

The effect of Cu concentration on the order/disorder behaviour of the AlCoCu,FeNi (x = 0.6 to 3.0) multi-principal element alloys was investigated. BCC and/or FCC
phases were observed in the microstructures of the alloys after casting and annealing at 1050 °C followed by slow cooling. Interesting is that the alloys form ordered
structures after casting and disordered structures after annealing and slow cooling, while the opposite would be expected. The ordering in the as-cast state is
explained by the strong affinity of Al to transition metals, which results in the formation of supercell structures having sublattices occupied by certain elements only.
Disordering after annealing has two reasons. Either the phase is composed of nearly pure element (Cu) and is disordered by default or it is composed of randomly
distributed nano-segregated regions within a single phase resulting in a uniform distribution of all elements in the sublattices and therefore appearing to be
macroscopically disordered. The reason for the formation of such nano-segregated areas might reside in the reduction of Gibbs free energy due to the annealing by the

interplay between enthalpy and entropy.

1. Introduction

Multi-principal element alloys (MPEAs) — a new class of alloys,
containing more than only one or two basic elements as in the case of
conventional alloys, brought a new paradigm to metallurgy and opened
a very active field of research [1-3]. The large combinatorial space of
MPEAs [4] is very attractive and promises new alloys with highly
interesting properties and application potential to be discovered [5-10].
The most pronounced property of MPEAs is that the number of coex-
isting phases in these alloys stays small even for a large number of ele-
ments, and solid solutions with FCC, BCC or HCP lattice are usually
formed. Initially, it was assumed that the stabilization of solid solutions
at the expense of intermetallics arises from a reduction of free Gibbs
energy by high configurational entropy due to a large number of ele-
ments randomly distributed in the lattice, which also coined their
original name - high-entropy alloys (HEAs) [11,12]. However, as it was
found later [1,4,13-15], in addition to the high-entropy effect, enthalpy
plays an important role as well and both need to be taken into account in
phase prediction and alloy design. Furthermore, many reports have
shown that some observed HEAs are not genuinely single-phase alloys as
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was originally assumed in the HEAs concept [4,13-21].

It is supposed that the high-entropy effect is manifested mainly at
high temperatures, allowing the formation of disordered solid solutions
after casting. On the other hand, annealing increases the probability of
producing intermetallics or ordered solid solutions [4,22]. However, in
the equiatomic AlCoFeNi alloy, an interesting behaviour has been re-
ported [23]. The alloy consists of a single BCC phase which is ordered in
the as-cast state, while after annealing and slow cooling, it changes from
ordered to disordered which is the opposite of what would be expected.
This raises a few questions: What is the reason for such behaviour?
Would the same effect manifest itself when the structure changed from
BCC to FCC, which is also often observed in MPEAs? This work aims to
try to provide answers to the above questions. Cu is considered to be a
typical FCC stabilizing element [4], therefore, a gradual change of the
structure from BCC to FCC is expected by the addition of Cu to the
AlCoFeNi alloy, which allows investigating this change and the effect of
Cu content on the order/disorder behaviour of the phases formed after
casting as well as after annealing and slow cooling.
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Table 1
Calculated enthalpy of formation for binary systems combining Al, Ni,
Fe, Co, Cu elements in BCC lattice.

Binary system Enthalpy of formation [kJ/mol]

Al-Ni —63.619
Al-Fe —25.814
Al-Co —55.249
Al-Cu -11.623
Ni-Fe 4.785
Ni-Co 14.628
Ni-Cu 9.577
Fe-Co -9.132
Fe-Cu 25.689
Co—Cu 28.452

2. Experimental and theoretical methods

Six AlCoCu,FeNi alloys with various ratios of Cu (x = 0.6, 1.0, 1.5,
2.0, 2.5, 3.0) were prepared from high-purity elements (>99.99 wt%) by
arc-melting under an argon atmosphere. The samples were re-melted
five times to obtain a homogeneous chemical composition of the al-
loys. After the final re-melting, the alloys were cast into cylinder-shaped
samples by the suction casting method and their microstructure was
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analyzed. After analysis, samples were annealed at 1050 °C for one day
followed by slow cooling down to room temperature at the rate of 5 °C/
h. Subsequently, the microstructure of the samples was analyzed again.
For the annealing experiment, the samples were placed in small alumina
crucibles, which were enclosed into silica glass tubes, purged several
times with argon and sealed at 1 bar pressure. Alumina crucibles were
used to prevent direct contact of the samples with silica during the
annealing experiment to avoid possible contamination with silicon.

A PANalytical Empyrean x-ray diffractometer and a JEOL JSM-
7600F scanning electron microscope (SEM) equipped with an Oxford
instruments X-MAX energy dispersive x-ray spectrometer (EDX) using
the INCA software were used to characterize the microstructure of the
as-cast and annealed alloys. All images were taken in BSE mode. X-ray
diffraction experiments (XRD) were carried out on both powder and
bulk samples with the nickel filtered Cu-K, radiation, between 20° and
100° of 26 with a 0.02° step. The chemical composition of the observed
phases was determined by EDX.

Phase morphology and ordering of individual phases in the micro-
structures were investigated on selected samples by (high-resolution)
transmission electron microscopy (HRTEM/TEM), using an FEI Talos
F200X TEM, equipped with a CCD camera with a resolution of 4096 x
4096. The micrographs were taken at 200 kV acceleration voltage. TEM-
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Fig. 1. Powder XRD records of AlCoCu,FeNi (x = 0.6, 1.0, 1.5, 2.0, 2.5, 3.0) alloys in the as-cast state.
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Fig. 2. As-cast microstructures of AlCoCu,FeNi alloys with various Cu contents: (a) x = 0.6, (b) x = 1.0, (c) x = 1.5, (d) x = 2.0, (e) x = 2.5, (f) x = 3.0.

EDX in scanning transmission (STEM) mode was used for element colour
mapping. High-angle annular dark-field (HAADF) images were captured
in nanoprobe-TEM mode with probes of below 1 nm size and a camera
length of ~200 mm. The crystal structure of different sample regions
was determined using selected-area electron diffraction (SAED) and fast
Fourier transform (FFT) analysis. The samples were examined in cross-
section, and TEM lamellae were prepared using FIB (FEI Scios2 Dual
Beam System) and set onto a copper grid.

To analyze the effect of enthalpy on the atomic configuration of the
BCC phases, Monte Carlo (MC) simulations [24] for a fixed BCC lattice
(modelled with periodic boundary conditions) were performed using the
Bragg-Williams model with pair interaction energies between the
nearest-neighbour atoms [25]. Pair interaction energies were based on
binary formation enthalpies Hj calculated for BCC lattice (Table 1).
Binary formation enthalpies H; were calculated by the DFT method
using Perdew-Burke-Ernzerhof functional [26] and corresponding Van-
derbilt ultrasoft pseudopotentials [27] with 80Ry energy cutoff for
wavefunctions and with k-space sampling 10x10x10. Spin-polarized
calculations were used for alloys containing ferromagnetic elements of
Fe, Co, and Ni.

The pair interaction energies have been derived as follows [28]:

where z = 8 is the coordination number for the BCC structure.
In the MC simulations, the energy change AE corresponding to the

interchange of two randomly selected atoms was evaluated and the
exchange was accepted or rejected using the Metropolis algorithm [29],
i.e. if the random number uniformly generated from the [0,1] interval
was larger than the Boltzmann factor

exp(—AE [ kgT) @)

the exchange of atoms was accepted, otherwise, the exchange was
rejected. (kg is the Boltzmann constant and T is temperature).

3. Results and discussion
3.1. Microstructure and phase analysis of as-cast alloys

XRD records of as-cast AlCoCu,FeNi alloys with various ratios of
copper (x = 0.6, 1.0, 1.5, 2.0, 2.5, 3.0) are shown in Fig. 1. Two phases
with BCC and FCC lattices in different ratios depending on the amount of
copper in the alloys were identified from the records. In the record of the
AlCoCug gFeNi alloy, all peaks of the BCC phase are observed along with
a weak (111) FCC peak, so the AlCoCugcFeNi alloy is almost entirely
composed of the BCC phase. With increasing Cu content, peaks of the
FCC phase increase at the expense of the BCC peaks. Finally, the AlCo-
Cuy sFeNi and AlCoCug gFeNi alloys records correspond completely to
the FCC phase. Minor (100) superlattice reflection at ~32° observed in
AlCoCuyg ¢FeNi and AlCoCu; gFeNi alloys indicates that the BCC phase is
ordered.
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Table 2
Chemical composition (at. %) of as-cast and annealed AlCoCu,FeNi alloys and their phases measured by SEM-EDX.
Copper content State Area Chemical composition (at.%) Identified phases
Al Co Cu Fe Ni
x=0.6 As-cast Overall 21.8 21.8 12.8 21.9 21.7
Dark + light 21.7 £ 0.3 21.8+0.3 12.6 £ 0.4 22.24+0.1 21.7 £ 0.1 BCC + FCC
Annealed Overall 21.8 21.9 12.2 22.1 22.0
Dark grey 27.0 £0.1 22.8 £0.1 5.0 £ 0.2 21.4 +£0.2 23.7 £0.1 BCC
Light grey 8.0 £0.2 18.0 £0.3 36.4 + 2.0 246 +1.1 13.0 £ 0.3 Mixed region
x=1.0 As-cast Overall 20.5 20.2 19.1 20.3 19.9
Dark grey 21.3+ 0.4 225+ 0.5 134 +1.1 22.5+0.3 20.3 +£0.2 BCC
Light grey 141 £0.8 7.8 +24 58.0 + 8.4 7.8 +27 123 £2.7 FCC
Annealed Overall 21.0 20.1 18.5 20.1 20.3
Dark grey 27.4+£0.2 22.6 £0.1 5.1+0.1 20.7 £0.1 241 +£0.2 BCC
Light grey 7.4+ 0.2 14.6 £ 0.1 47.3 £ 0.7 18.3 £ 0.2 12.4 £ 0.2 Mixed region
x=1.5 As-cast Overall 19.2 18.3 25.9 18.4 18.2
Dark grey 22.1 +£0.9 20.1 £0.3 19.2 £1.0 20.2+0.8 18.4 £ 0.6 BCC
Light grey 15.8 +£ 0.6 13.8 £ 29 40.6 + 8.0 14.1 + 3.2 15.7 £ 1.8 FCC
Annealed Overall 20.5 18.1 25.0 18.2 18.2
Dark grey 26.0 £0.1 23.7 £0.1 5.3+0.1 21.6 £0.2 23.4+0.2 BCC
Light grey 6.7 £0.2 123 £0.1 54.8 £ 0.5 16.1 £0.2 10.1 £0.1 Mixed region
x=2.0 As-cast Overall 17.3 16.9 31.8 17.1 16.9
Dark grey 26.0 £ 1.2 16.8 £1.2 219+1.7 147 £1.8 20.6 = 0.4 BCC
Light grey 13.7 £ 0.2 24.8 + 0.3 17.6 + 0.3 26.9 + 0.3 17.0 £ 0.1 FCG-1
White 15.8 £ 0.7 4.8 +1.0 66.0 + 4.0 43+ 1.0 91+14 FCC-2
Annealed Overall 18.8 16.8 30.5 16.9 17.0
Dark grey 28.1 £0.1 23.3+£0.1 5.2+0.1 21.0£0.1 224 +£0.1 BCC
Light grey 7.4 +£0.2 11.2+ 0.4 57.8 £1.2 14.2 £ 0.6 9.4 +0.4 Mixed region
x=2.5 As-cast Overall 15.8 15.5 37.5 15.6 15.6
Dark grey 25.6 £ 0.8 16.6 +£ 0.8 235+0.1 147 £ 1.6 19.6 £1.4 BCC
Light grey 151+ 0.4 21.7 £ 0.5 23.6 £0.9 225+0.8 17.1 £ 0.2 FCC-1
White 153+ 0.4 7.1+£0.6 60.5 + 2.4 6.5+ 0.8 10.6 £ 0.8 FCC-2
Annealed Overall 17.1 15.7 35.6 15.6 16.0
Dark grey 27.2+£0.1 23.9+0.1 5.1+0.1 20.9 £0.1 229 +0.1 BCC
Light grey 7.5+ 0.4 10.9 +£ 0.2 58.7 + 0.9 13.4+0.2 9.6 + 0.2 Mixed region
x=3.0 As-cast Overall 15.0 14.3 41.5 14.8 14.4
Light grey 12.1 £ 0.2 24.6 £0.1 20.4 £0.2 26.9 +£0.3 16.0 £ 0.1 FCC-1
White 155+ 0.2 3.6 £0.5 70.1 £ 2.1 3.1+04 7.7 +1.1 FCC-2
Annealed Overall 17.0 14.3 39.4 14.8 14.5
Dark grey 27.1 £0.1 241 £0.1 5.4+ 0.1 20.8 £0.2 22.6 £0.1 BCC
Light grey 7.6 £ 0.4 10.1 £0.3 60.9 + 0.8 12.2 £ 0.4 9.4 £0.2 Mixed region

Thus, as expected, in the as-cast AlCoCu,FeNi alloys (x = 0.6, 1.0,
1.5, 2.0, 2.5, 3.0) the gradual change of Cu-content leads to the gradual
change of alloys structure from BCC to FCC.

However, without a microstructure study, this information is
incomplete. As was reported in Refs. [4,13,14], many high-entropy al-
loys in the earlier studies were wrongly identified as single-phase alloys
based on XRD analysis only. A closer look at the microstructures of

investigated alloys reveals more interesting details.

As-cast microstructures of AlCoCu,FeNi alloys with various ratios of
copper (x = 0.6, 1.0, 1.5, 2.0, 2.5, 3.0) are shown in Fig. 2. All alloys
exhibit a typical casting microstructure with dendritic (DR) and inter-
dendritic (ID) morphology. Chemical compositions of alloys, as well as
their constituents, are listed in Table 2. The microstructure of AlCo-
Cug ¢FeNi alloy (Fig. 2a) is almost entirely composed of one constituent
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Fig. 3. Bulk XRD records of AlCoCu,FeNi (x = 0.6 and x = 3.0) alloys. The insets present details of the measured and fitted BCC-(200) and FCC-(200) peaks for

AlCoCuyFeNi (x = 0.6 and x = 3.0) alloys, respectively.



P. Priputen et al.

Intermetallics 162 (2023) 108016
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Fig. 4. TEM analysis of the AlCoCu; sFeNi alloy: top middle — TEM bright-field micrograph; bottom middle — SAED pattern of region 2; left - EDX mapping of the
yellow highlighted area; top right — detail on the FCC Cu nanoparticles in the BCC matrix from the red highlighted area; bottom right - HRTEM images of the FCC Cu

nanoparticle and the BCC matrix with the corresponding FFT patterns.

corresponding to the BCC phase, as follows from the XRD record. The
FCC phase was found only at the grain boundaries in trace amounts.
With increasing Cu content, ID light grey areas of the FCC phase grow at
the expense of DR dark grey areas of the BCC phase, occurring also
within the BCC phase in addition to grain boundaries. The results ob-
tained for the equiatomic AlCoCuFeNi alloy are in agreement with those
reported in Refs. [30,31]. At x = 2.0 (Fig. 2d) the FCC phase becomes
dominant and appears in the form of DR light grey areas (FCC—1) as well
as white Cu-rich ID areas (FCC—2). Further, for the case of x = 2.5
(Fig. 2e), the amount of the BCC phase is extremely small and its peaks
are not observable anymore in the corresponding XRD record. Finally,
the AlCoCusFeNi alloy (Fig. 2f) consists only of two FCC phases:
AlCoCuFeNi solid solution enriched by Fe—Co with respect to the alloy
composition (FCC—1) and Cu-rich solid solution (FCC—2). Both forms
are probably already present in the alloys for x = 0.6-1.5, which can be
deduced from the unusually large standard deviations of the Cu stoi-
chiometry in the FCC phase. The obtained results are similar to those
reported in Ref. [32] for AlCrFeCoNiCu, alloys (x =0, 0.5, 1.0, 2.0, 3.0).
Both FCC phases were also observed previously in the Fe-Ni-Co-Cu
system at high temperatures [33].

Table 3

Thus, the FCC phase, which appeared to be a single-phase from the
XRD experiments, actually consists (at least at higher Cu concentrations)
of two FCC phases, with different compositions. To determine the lattice
parameters of all found phases, XRD experiments on bulk samples were
performed to exclude possible stresses induced during the powderiza-
tion process which could cause a peak broadening in diffraction records
of powder samples. Records for terminal cases (x = 0.6 and x = 3.0) are
shown in Fig. 3. In both alloys, a predominant (kOO) orientation was
observed for both phases, as was also reported in Refs. [34,35]. The
highest peak analysis in the records showed that the (200) peak of the
BCC phase is a single Ka; /Koy peak (agcc = 2,869 1°\), while the (200)
peak of the FCC phase consists actually of two very close Kaj/Kay peaks
(see insets in Fig. 3) corresponding to two FCC phases with very close
lattice parameters (apcc—1 = 3.615 [o\, apcc_2 = 3.629 A). Superlattice
reflections (100), typical for the ordered structure, can also be found in
the records of both phases, particularly for the BCC phase, indicating
that the phases are ordered to some extent, similar to the AlCoFeNi
system [23].

To investigate the morphology of the phases in more detail, espe-
cially the eventual coexistence of ordered and disordered BCC phases

Chemical composition (at. %) of phases in selected as-cast and annealed AlCoCu,FeNi alloys measured by TEM-EDX.

Copper content State Area Chemical composition (at.%) Identified phases
Al Co Cu Fe Ni
x=1.5 As-cast Region 1 22.0 £2.2 21.6 + 3.6 20.0 £3.3 16.9 + 2.8 19.4 + 3.2 BCC + FCC particles
Particle 4.7 £ 2.1 1.8+1.2 89.5 + 22.9 1.2+1.1 28 +1.3 FCC
Region 2 13.5+ 1.5 18.5+ 3.2 33.7 £5.9 18.6 + 3.2 15.7 + 2.7 FCC
Annealed Region 1 22,6 £2.3 23.5+3.9 11.8 £ 2.0 21.0 £ 3.5 21.1 £3.5 BCC
Region 2 2.2+0.5 0.6 £ 0.2 93.4 £+ 23.9 0.6 £0.2 3.2+0.8 FCC
Region 3 4.3+ 0.5 25.8 + 4.6 19.3 + 3.4 37.4 +6.7 13.2 + 2.4 BCC
x=3.0 As-cast Region 1 8.8+ 1.0 20.3 + 3.6 36.8 £ 6.5 20.0 + 3.6 14.1 £ 2.5 FCC-1
Region 2 82+ 1.5 3.9+ 0.9 78.0 +18.0 3.5+ 0.8 6.4 + 1.5 FCC-2
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Region 1 Region 2
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= 500nm

Fig. 5. TEM analysis of the AlCoCus ¢FeNi alloy: top — EDX mapping; bottom left - HAADF image recorded in STEM mode, where two distinct regions are observable;
bottom right - SAED patterns of both regions.

Fig. 6. Microstructures of AlCoCu,FeNi alloys with various Cu contents after annealing at 1050 °C followed by slow cooling: (a) x = 0.6, (b) x = 1.0, (c) x = 1.5, (d)
x = 2.0, (e) x =2.5, (f) x = 3.0.
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Fig. 7. Powder XRD records of AlCoCu,FeNi (x = 0.6, 1.0, 1.5, 2.0, 2.5, 3.0) alloys after annealing at 1050 °C followed by slow cooling.

[36-38], as well as the ordering of the FCC phases, the AlCoCu; sFeNi
alloy (approximately the same amount of BCC and FCC phases) and the
AlCoCugs gFeNi alloy (only FCC—1 and FCC—2 phases) were studied by
HRTEM. Results obtained for the AlICoCu; sFeNi alloy are summarized in
Fig. 4. From the low magnification TEM bright-field micrograph, two
different regions (phases) separated by a grain boundary are observed.
The chemical composition of both regions is listed in Table 3. The
compositions match well with those in Table 2 for AlCoCu; sFeNi alloy
and respective phases. The analysis of the yellow highlighted area shows
that region 1 consists of a BCC matrix with Cu-rich FCC particles, and
region 2 has a homogenous FCC structure. The coexistence of ordered
and disordered BCC phases in region 1 was not detected. While the FCC
structure of region 2 was confirmed by SAED, the structure of region 1
and the Cu-rich particles was determined by FFT only, as due to the
particles present in the BCC matrix did not enable reliable SAED anal-
ysis. The presence of Cu-rich particles in the BCC structure probably
contributes to a higher concentration of Cu in the chemical composition
of the BCC phase (Tables 2 and 3). In the SAED from region 2, apart from
the strong reflections (red), weak superlattice reflections (blue) are also
observed, confirming that the FCC phase is ordered. A high magnifica-
tion TEM bright-field micrograph of the red highlighted area shows the
morphology of region 1 in detail, where the presence of Cu-rich FCC

particles inside the BCC matrix is clearly visible. Similar nano-twinned
FCC precipitates were also observed in the AlCoCuFeNi alloy reported
in Ref. [39].

The HAADF image (recorded in STEM mode) of the AlCoCus cFeNi
alloy with corresponding STEM-EDX maps and SAED patterns is shown
in Fig. 5, where two regions can be observed. In both regions, FCC—1 as
well as FCC—2, the ordered FCC structure is also confirmed. The
composition of the FCC—2 region (Table 3) shows the Cu-rich phase, in
correspondence with SEM observations. Deviation in the compositions
using SEM-EDX and TEM-EDX techniques results from the fact that the
phases after casting are not homogeneous but variation in the compo-
sition can be observed within the phase. Thus, the composition is
different in the middle of the phase, usually analyzed by SEM-EDX, than
close to the phase boundary, analyzed by TEM-EDX.

3.2. Microstructure and phase analysis of annealed alloys

Based on differential thermal analysis, the investigated alloys were
subjected to an annealing process at a temperature below the solidifi-
cation temperature which was set to 1050 °C. Microstructures of the
investigated alloys after annealing at 1050 °C followed by slow cooling
are shown in Fig. 6. The microstructure of the samples changed from fine
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Fig. 8. Relative EDX mapping of AlCoCu,FeNi alloys after annealing at 1050 °C followed by slow cooling: (a) (x = 0.6), (b) (x = 3.0).

dendritic to coarse-grained after annealing, which is expected and in line
with the results in Ref. [40]. However, the coexistence of BCC and FCC
phases is observed in all cases, as seen in the XRD records (Fig. 7). Two
regions can be observed in the microstructures of all alloys: a dark grey
region and a mixed region consisting of alternating light and dark con-
stituents, resembling eutectic. The EDX mapping (Fig. 8) reveals that the
mixed region consists of Cu-rich and Fe-Co-rich phases. Chemical
compositions of both regions for particular alloys are listed in Table 2
and show that both regions, the dark grey and the mixed, are the same in
all alloys, only the ratio between the two regions varies depending on
the change in the copper content of the alloys.

In Fig. 9, the HAADF image of the annealed AlCoCu; sFeNi alloy
recorded in STEM mode with corresponding STEM-EDX mapping images
is shown. Three regions with different compositions can be found in the
HAADF image. Region 1 corresponds to the dark grey region in the SEM
microstructure, while regions 2 and 3 represent constituents of the

mixed region. SAED pattern of region 1 shows that this region consists of
a disordered BCC phase. Observation of this region in detail shows that it
is inhomogeneous in composition (Fig. 10) with Fe—Co-rich nano-
particles inside the Al-Ni-rich matrix, with the Cu content being
distributed mainly in the matrix. Similar fine-scale precipitate-like re-
gions rich in Fe and Co in the Al-Ni matrix were already observed in the
AlCoFeN:i alloy after annealing at 600 °C and subsequent quenching and
characterized as the Al-Ni-rich ordered BCC matrix interspersed with
fine-scale precipitates of Fe-Co-rich disordered BCC phase [41].

The TEM-EDX mapping in Fig. 9 confirms the SEM results that region
2 is Cu-rich and region 3 is Fe-Co-rich. From both regions, diffraction
patterns were taken and chemical compositions were measured
(Table 3). According to diffraction patterns, Cu-rich region 2 has a
disordered FCC structure, while Fe-Co-rich region 3 has a disordered
BCC structure.

To explain the formation of the mixed region, let us look at the
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Fig. 9. TEM analysis of the annealed AlCoCu; sFeNi alloy: top right - EDX mapping; left - HAADF image recorded in STEM mode; bottom right — SAED patterns of

the three identified distinct regions.

\HAADF

Fig. 10. Detail of the BCC phase of the annealed AlCoCu; sFeNi alloy highlighting Fe-Co-rich nanoparticles inside the Al-Ni-rich matrix: top left - HAADF image; the

others — high-resolution EDX mapping of individual elements.

Fe-Co-Cu phase diagram [42]. According to the diagram, the
Fe—Co-rich FCC—1 phase occurring at high temperatures and coexisting
with the Cu-rich FCC—2 phase changes to the Fe-Co-rich BCC structure
as the temperature decreases. Therefore, it can be assumed that the
mixed region is formed after annealing from the FCC—1 and FCC—2
phases observed in the as-cast alloys.

Thus, the effect of Cu addition to the AlCoFeNi alloy resides only in
the formation of new phases in the microstructure of the alloys but does
not affect the phases in terms of order/disorder transformation. That
means the ordered BCC and FCC phases, observed after casting, are
metastable only and the stable configuration consists of a disordered
BCC phase and a mixed region with alternating disordered Fe—Co-rich
BCC and Cu-rich FCC phases. In the following section, a possible
explanation of this phenomenon is described.

3.3. Order/disorder transformation

A possible reason why ordered structures are formed in all alloys
after casting may reside in the strong affinity of Al to bind with most
transition metals [28], leading in this way to strong ordering tendencies
in both, the BCC and FCC phases. As a result, supercell structures are
formed in both phases with sublattices to be occupied by certain ele-
ments only. Possible configurations of atoms in such supercell structures
are presented in Ref. [34].

After annealing, the microstructure of alloys changed to a more
stable configuration, consisting of a disordered BCC phase and the mixed
region. As was mentioned, the disordered BCC phase is composed of
Fe—Co-rich nanoparticles inside the Al-Ni-rich matrix with Cu distrib-
uted mainly in the matrix (Fig. 10). The reason for the formation of such
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Fig. 11. A MC simulation snapshot of the equilibrated BCC phase.
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Fig. 12. A MC simulation snapshot of the equilibrated BCC phase from the
mixed region.

nano-segregated Fe—Co-rich and Al-Ni-rich areas might reside in a
reduction of the Gibbs free energy by the interplay between enthalpy
and entropy due to the annealing. For a rough estimate of the enthalpy
effect on the atomic configuration of the BCC phase, a fixed-lattice
Monte Carlo simulation of the BCC lattice was performed using the
Bragg-Williams model with pair interatomic interactions based on bi-
nary formation enthalpies calculated for the BCC lattice (Table 1). The
modelled BCC structure (30 x 30 x 20 unit cells) with composition
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taken as the average composition of the BCC phase after annealing
(Table 2) is shown in Fig. 11. As can be seen from Fig. 11, the BCC
structure has a tendency to be stable when Al is surrounded mostly by
Ni, Fe is surrounded by Co, while Cu is segregated. Thus, when such
nanostructures are formed locally, the local enthalpy decreases. A
decrease in a local enthalpy leads to a decrease in the total enthalpy of
the BCC phase. On the other hand, the random distribution of these
nano-segregated regions within a single-phase increases the total
configurational entropy of the phase and leads to the uniform distribu-
tion of all elements in both sublattices of the BCC phase as a whole.
Therefore, the whole phase seems to be disordered, although it may
show some degree of ordering at the nanoscale.

The mixed region consists of a Fe-Co-rich BCC phase and almost pure
Cu crystallizing in a disordered FCC structure. MC simulation of the BCC
phase from the mixed region (Fig. 12) shows that the phase is composed
of Cu nanoparticles randomly distributed within the Fe-Co matrix.
However, since Cu shows strong immiscibility with Fe and Co [43], both
nano-regions must be connected by Al-Ni "bridges". This result simul-
taneously explains why the Fe—Co-rich BCC phase from the mixed region
contains a relatively large amount of Cu (about 20 at. %) in comparison
with its counterpart from the Fe-Co—Cu system, where Cu solubility is
minimal (about 5 at. %) [42].

4. Conclusions

The addition of Cu to the AlCoFeNi alloy and its effect on the order/
disorder behaviour was investigated. The findings can be summarized as
follows:

1. Increasing Cu ratio in the AlICoCu,FeNi leads to a gradual transition
from virtually pure BCC structure for x = 0.6 to pure FCC for x = 3.0
in the as-cast state, as expected. However, the system contains not
only one FCC phase but at least at higher Cu concentration it is
composed of two FCC phases, Fe-Co-rich dendritic (FCC—1) and Cu-
rich interdendritic (FCC—2) with very close lattice parameters. All
observed phases are ordered.

2. After annealing, the microstructure consists of disordered phases and
it is composed of a BCC phase, containing Fe-Co-rich nanoparticles
inside the Al-Ni-rich matrix, and a mixed region, consisting of a BCC
phase intergrown with Cu-rich FCC phase. The ratio between the
BCC phase and the mixed region also follows the Cu content. The
reason for the formation of nanostructures inside the BCC phase
might reside in a reduction of the Gibbs free energy by the interplay
between enthalpy and entropy due to the annealing.

3. The formation of ordered structures in the as-cast state is explained
by the strong affinity of Al to transition metals, which in all phases
results in the formation of supercell structures having sublattices
occupied by certain elements only.

4. Disordered structures after annealing are formed for two reasons.
The FCC phase is composed of nearly pure Cu which is disordered by
default. The BCC phases are composed of randomly distributed nano-
segregated regions within a single-phase resulting in a uniform dis-
tribution of all elements in both sublattices of the BCC phase, which
therefore seems to be macroscopically disordered, although it may
show some degree of ordering at the nanoscale.
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