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Evaluation of the impact of Mn and Al on the microstructure of Fe–Co–Ni–Cr
based high entropy alloys
M. Ilinich-Shaw a,b, D. Wanga, X. Huanga and S. Yandtc

aDepartment of Aerospace and Mechanical Engineering, Carleton University, Ottawa, Canada; bNatural Resources Canada, CanmetENERGY-
Ottawa, Ottawa, Canada; cNational Research Council of Canada, Ottawa, Canada

ABSTRACT
In this study, an equiatomic FeCoNiCrMn high entropy alloy (HEA) was examined and compared to
two Al-containing variants, FeCoNi1.5CrMnAl0.5 and FeCoNi1.5CrAl0.5, in terms of microstructure,
phase composition and hardness. The vacuum cast, hot isostatically pressed (HIP’d) alloys were
evaluated using differential scanning calorimetry (DSC), SEM, energy-dispersive X-ray
spectroscopy (EDS), X-ray diffraction (XRD) and Vickers microhardness testing. The DSC results
indicated that the solidus and liquidus temperature of the base alloy on cooling are 1296.3 and
1314.8°C, respectively. Its microstructure exhibited a single-phase face centred cubic (FCC)
structure, with a small amount of σ-phase. The two Al-containing alloys (FeCoNi1.5CrMnAl0.5 and
FeCoNi1.5CrAl0.5) were observed to form a secondary phase, in a FCC matrix, along the grain
boundaries and within the grains. FeCoNi1.5CrMnAl0.5 had a solidus and liquidus temperature at
1271.8°C and 1287.6°C upon cooling, while FeCoNi1.5CrAl0.5 exhibited a solidus at 1354.7°C and
liquidus at 1376.1°C. The hardness of the base composition was measured at 142 HV while the
addition of Al and increase of Ni content in FeCoNi1.5CrMnAl0.5 increased the hardness to 202
HV and the removal of Mn in FeCoNi1.5CrAl0.5 further enhanced the hardness to 217 HV. These
results aim to form a basis for understanding the effects of HEA microstructure on the material
performance in oxidising environments, such as supercritical-CO2.

Dans cette étude, un alliage équiatomique FeCoNiCrMn à haute entropie (HEA) a été examiné et
comparé à deux variantes contenant de l’Al, FeCoNi1.5CrMnAl0.5 et FeCoNi1.5CrAl0.5, en termes de
microstructure, de composition de phase et de dureté. Les alliages coulés sous vide, avec pressage
isostatique à chaud (HIP’d), ont été évalués à l’aide de la calorimétrie à balayage différentiel (CBD),
de la microscopie électronique à balayage (MEB), de la spectroscopie à dispersion d’énergie (EDS),
de la diffraction des rayons X (XRD) et d’essai de microdureté Vickers. Les résultats de la CBD ont
indiqué que les températures de solidus et de liquidus de l’alliage de base lors du refroidissement
étaient respectivement de 1296.3°C et 1314.8°C. Sa microstructure présentait une structure
cubique à faces centrées (CFC) monophasée, avec une petite quantité de phase-σ. On a observé
que les deux alliages contenant de l’Al (FeCoNi1.5CrMnAl0.5 et FeCoNi1.5CrAl0.5) formaient une
phase secondaire, dans une matrice CFC, le long des joints de grains et à l’intérieur des grains.
FeCoNi1.5CrMnAl0.5 avait une température de solidus et de liquidus à 1271.8°C et 1287.6°C lors
du refroidissement alors que FeCoNi1.5CrAl0.5 présentait un solidus à 1354.7°C et un liquidus à
1376.1°C. On a mesuré la dureté de la composition de base à 142 HV alors que l’ajout d’Al et
l’augmentation de la teneur en Ni dans FeCoNi1.5CrMnAl0.5 ont augmenté la dureté à 202 HV et
l’élimination de Mn dans FeCoNi1.5CrAl0.5 a davantage amélioré la dureté à 217 HV.
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1. Introduction

High entropy alloys (HEAs) are a new class of metallic
materials defined as alloys composed of 5 or more
elements in nearly equiatomic concentrations, with
each element having a concentration in the range of
5%–35 at.-% [1,2]. HEAs are defined by four core
characteristics: (1) high mixing entropy, (2) severe lat-
tice distortion, (3) cocktail effect, and (4) sluggish diffu-
sion [3–7]. This new class of alloys draws great interest,

particularly in the transportation and energy industries,
owing to the enhanced mechanical and environmental
properties needed for ever-demanding operating
environment limits. These alloys have the potential to
outperform conventional superalloys in construction
and longevity of energy conversion system components
[8].

FeCoNiCrMn is arguably the most studied high
entropy alloy [8,9] and often serves as a baseline to opti-
mise HEA compositions for specific applications. These
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five transition elements form a single-phase solid sol-
ution FCC structure [9–18], with a lattice parameter
of 3.6Å [13,14,18]. Contradictory to most, Pickering
et al. observed the formation of Cr-rich σ-phase precipi-
tates along the grain boundaries in a specimen produced
through arc melting [19]. In its as-cast state, the alloy
presents a coarse, equiaxed microstructure [13,20,21].
Reduction of grain size through cold work and anneal-
ing is a common post-processing technique to increase
strength based on the Hall-Petch relationship [9,10,16–
18,22]. Annealing twins are often observed in the FeCo-
NiCrMn alloy and its variants [16,23,24]. Their for-
mation can significantly obstruct the dislocation
motion, resulting in hardening of the alloy.

Addition of Al to the base FeCoNiCrMn alloy results
in a significant shift in the microstructure. (FeCo-
NiCrMn)Al0-20 was studied by He et al. [21] in an as-
cast form. The study showed the transition between a
single-phase FCC microstructure (Al: <8 at.-%), dual-
phase FCC + BCC (Al: 8–16 at.-%), and single-phase
BCC (Al: >16 at.-%). The BCC region was composed
of disordered BCC (A2) precipitates embedded in
ordered BCC (B2) matrix formed through spinodal
decomposition [21]. Fe18Co18Ni20Cr18Mn18Al8 alloy
[20] was found to contain an equiaxed grain structure
composed of both FCC and BCC phases. The FCC
was determined to occupy approximately 70% of the
overall volume fraction [20]. Lin et al. [25] reported
that CrMnFeCoNiAl25 has a FCC structure in as-cast
form. After aging in vacuum at 700°C, FeCr-rich FCC
base phase remained, however, a strip-like Cr-rich σ-
phase and B2 NiAl phase formed within the FCC
phase [25]. In a separate study, Lin et al. examined a
composition of CrMnFeCoNiAl0.75, revealing FCC,
BCC and B2 microstructure in as-cast form [26]. The
structure composed of BCC matrix with strip-like
FCC phases. The two phases were made up of Ni–Al–
Cr–Fe and Fe–Cr–Mn–Co, respectively.

Equiatomic alloy AlCoCrFeNi reported to have a A2/
B2 structure with L12 FCC precipitates at the grain
boundaries in as-cast form [27,28]. The alternating
A2/B2 equiaxed grains composed mostly of FeCr and
NiAl respectively [28]. Alloy Al10CoCrFeNi composed
of single-phase FCC coarse grains, with no evidence of
secondary precipitate [29]. Furthermore, Butler et al.
[30] showed that as-cast Al10CoCrFeNi alloy had a den-
drite of FCC phase and an interdendritic B2/A2 [30].
Another study carried out by the same authors [31]
showed that in an AlxCoCrFeNi alloy, when the Al con-
tent was below 12 at.-%, contained a FCC matrix with
NiAl-rich interdendritic regions. With 20–30 at.-% of
Al, the alloys developed a NiAl-rich B2 matrix with
A2 precipitates [31]. Sistla et al. examined

Al0.3,0.7,1,1.7FeCoCrNi1.7,1.3,1,1.3 alloys and found that
the microstructure changed from dendritic to equiaxed
to columnar with decreasing Al:Ni ratio. The study
determined that the 0.7:1.3 Al:Ni ratio is the optimal
composition to achieve B2 NiAl-rich phase and to result
in precipitation hardening subsequently [28]. Joseph
et al. [32] showed that the microstructure of Al30,60,85-
CoCrFeNi alloys is dependent on the manufacturing
method, specifically the Al60CoCrFeNi alloy.

In this study, three alloys, FeCoNiCrMn, FeCoNi1.5-
CrMnAl0.5 and FeCoNi1.5CrAl0.5, were examined. The
impact of Al and Mn on the microstructure and proper-
ties of these HEAs is evaluated by studying the melting
behaviour of the alloys, their phase and chemical com-
positions, and the associated hardness. The results pre-
sented in this work contribute to the understanding of
the microstructure impacts on the performance of
HEAs in oxidising environments, in particular in super-
critical-CO2 (sCO2) for the energy field [8]. These
materials are of particular interest for these applications
owing to their thermal stability, low diffusion rates and
potentially improved fabricability [3–7].

2. Material and methods

2.1. Materials

Three high entropy alloy samples were vacuum cast; the
exact compositions outlined in Table 1. The first com-
position, hereafter referred to as HEA-1, is the base
alloy composed of equiatomic Fe–Co–Ni–Cr–Mn. The
second composition, hereon referred to as HEA-2, has
an increased Ni content and Al added, yielding a nom-
inal atomic distribution of FeCoNi1.5CrMnAl0.5. The
third composition, HEA-3, was obtained by removing
Mn from HEA-2, to produce FeCoNi1.5CrAl0.5. The
starting elemental metals were of a purity >99.95%.

The materials were prepared by Superalloys Inc.
through arc melting, vacuum cast into ingots of (10 ×
4 × 1.5) cm, hot isostatic pressed (HIP’d) at 2050°F
(1121°C) and 5 ksi for 2 h, and air cooled.

2.2. Methods

Differential scanning calorimetry (DSC) was performed
to evaluate the melting behaviour using Netzche DSC
404C in argon-controlled environment. Two samples
of 30–80 mg per alloy were analysed. New ZrO2 refer-
ence and sample crucibles were used for this study.
The thermal cycles were set from 25°C to 1450°C at a
5–10°C/min heating and cooling rates.

To examine the microstructure, the samples were hot
mounted, grinded to 240# grit, and polished in 9, 3 and
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0.1 µm progression. The polished samples were etched
using 1 part of Aqua Regia (3HCl: 1 HNO3):12 parts
H2O. After etching, the samples were ultrasonically
cleaned with water. The prepared samples are presented
in Figure 1, along with the manufactured ingots.

The microstructure was studied using a scanning
electron microscope (SEM – Tescan Vega XMU) in sec-
ondary electron (SE) mode to study the phase mor-
phology and backscatter electron (BSE) mode for the
composition distribution. Energy-dispersive X-ray spec-
troscopy (EDS – Oxford Instruments) was employed to
measure qualitatively the elemental composition of the

respective phases. The average grain size for each
sample was measured using the linear intercept method
at 100x magnification, as outlined in ASTM E112-13.

The microhardness of the polished samples was
measured using Clemex CMT Microhardness Tester at
a maximum load of 300 gf (2940 mN). Additionally,
nanohardness of secondary phases was measured at
maximum load of 50 mN. The crystal structure was
evaluated by X-ray diffraction (XRD) with Cu Kα radi-
ation (λ = 1.540 Å) at 2θ angles of 30°–85°. The diffrac-
tion pattern was obtained using step scan with step size
of 0.02° and a dwell time of 1 s per step.

3. Results

3.1. DSC results

Figure 2 shows sample DSC scans of the three HEAs
(showing one out of two samples per alloy), outlining
their endothermic behaviours. The averaged solidus
and liquidus temperatures, TS and TL, respectively,
from two samples per alloy are summarised in
Table 2. Of the three alloys, HEA-3 exhibited the highest
averaged endothermic peak at 1392°C. HEA-1 displayed
an average endothermic peak at 1326°C, whereas HEA-
2 at 1307°C. It can be noted that all alloys exhibited
super/under cooling, yielding a difference of 12.3°C,

Table 1. HEA Compositions by wt-% and (at.-%).

Alloy

wt. % (at.-%)

Fe Co Ni Cr Mn Al

HEA-1 19.92 (20.00) 21.02 (20.00) 20.93 (19.99) 18.54 (19.99) 19.59 (20.03) -
HEA-2 17.28 (16.66) 18.23 (16.66) 27.23 (24.99) 16.09 (16.67) 17.00 (16.70) 4.17 (8.32)
HEA-3 20.81 (19.99) 21.97 (20.01) 32.81 (30.00) 19.38 (20.00) – 5.03 (10.00)

Figure 1. Ingots prepared through vacuum casting followed by
hot isostatic pressing, and the associated mounted samples
used in microstructure studies: (a) HEA-1; (b) HEA-2; (c) HEA-3.

Figure 2. Sample DSC endothermic curves of the HIP’d samples.
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26.2°C, 18.9°C for HEA-1, HEA-2, and HEA-3, respect-
ively. The degree of supercooling is dependent upon the
heating/cooling rate and alloy composition; it is a com-
mon phenomenon observed in conventional alloy sys-
tems [33].

3.2. SEM/EDS results

SEM images are displayed in Figures 3–5. The associ-
ated EDS results are summarised in Table 3. The SEM
images of HEA-1 (Figure 3) exhibit coarse and slightly
elongated grains with an average size of 0.31 mm, with
a standard deviation (SD) of ±0.08 mm. Twinning was
observed, as indicated by the arrow in Figure 3(a).
The differences in contrast signal different grain orien-
tations in a single-phase, solid solution structure. This
is evident from the EDS results in Table 3 in which
the elemental composition closely resembles that from
the manufacturer’s composition certificate (Table 1).
In addition, the elemental mapping in Figure 6 shows
an even distribution of elements within the alloy, with
several Cr-rich spots within the matrix. These obser-
vations are consistent with the microstructures reported
in the literature [9–13,15–18,20,21].

HEA-2 (Figure 4) and HEA-3 (Figure 5) contain sec-
ondary phases within the grains (intragranular, phase
A) and along the grain boundaries (intergranular,
phase B). HEA-2 exhibits an elongated columnar grain
structure (Figure 4(a)) with average size of 0.25 ±
0.07 mm. At higher magnifications, the SEM images of

HEA-2 showed the formation of rod-like intragranular
and relatively thick elongated intergranular phases (as
indicated in Figure 4(c)). EDS analysis indicated that
the composition of the matrix is similar to the nominal
alloy composition (Table 1). Both secondary phases (A
and B) contain high levels of Ni and Al, and significantly
decreased Cr and Fe content (Table 3) compared to the
nominal composition. These results are further sup-
ported by the elemental mapping presented in Figure
7. XRD analysis, presented in the subsequent section,
further confirms these observations and delineates the
nature of the secondary phases.

HEA-3 (Figure 5(a)) displayed the largest grains of the
three alloys, with an average grain size of 0.43 ± 0.30 mm.
At the lower magnification needle-shaped precipitates
can be observed, resembling that of the Widmanstätten
structure (labelled W.S. on Figure 5(a)). Furthermore,
HEA-3 showed a formation of secondary phases
throughout, particularly near the grain boundary regions.
Similar to HEA-2, both intragranular and intergranular
phases were formed: elongated bulky phases along
grain boundaries (B in Figure 5(c)) and rod-like intragra-
nular phase dispersed within the grains (A in Figure 5
(c)). EDS results (Table 3) indicated that the matrix com-
position was similar to the nominal composition (Table
1). The intragranular phase A has an elevated Al content
(increased from 9.25 at.-% in the nominal composition to
16.20 at.-% in phase A). The intergranular phase exhib-
ited an increase in Ni and Al and a decrease in Fe, Cr
and Co – similar to HEA-2. The results are further sup-
ported by the elemental map in Figure 8. Similar to HEA-
2, the XRD analysis will further define the nature of the
observed secondary phases.

3.3. XRD analysis results

In HEA-1, four possible phases were detected by XRD
(Figure 9), with the FCC phase being the dominant.

Table 2. Characteristic temperatures of the three alloys, average
of two samples per alloy.

Alloy
TS/TL (°C)
on heating

TS/TL (°C)
on cooling Tundercooling (°C)

HEA-1 1285.0/1333.9 1296.3/1325.7 12.3°C
HEA-2 1262.1/1313.8 1271.8/1287.6 26.2°C
HEA-3 1369.9/1395.5 1354.7/1376.0 18.9°C

Figure 3. SEM images of HEA-1 at (a) 100×; (b) 500×; and (c) 2000× magnifications.
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Accompanying the disordered FCC-A1 phase, there is
evidence of transformation to an ordered FCC-L12
structure identified by the split peaks at 36° (110),
43.5° (111), 51° (200) and 75° (220). Although not
possible to identify using SEM, this transformation
has been reported previously in [34]. A very
minor amount of BCC phase and some σ (TCP
phase of FeCr and/or CrCo) [19] were identified.
The σ-phase may be identified in Figure 6, which
shows Cr-rich spots in an otherwise evenly distributed
matrix.

With the addition of Al to HEA-2, several changes
occurred, as shown in Figure 9. First, the relative inten-
sity from (111) planes of FCC-L12 increased drastically,
attributed to the formation of a Ni3Al secondary phase.
Second, the FCC peaks identified in HEA-1: (110),
(111), (200) and (220), have shifted slightly owing to
the formation of Ni3Al (phase A and B in Figure 5).
Both BCC and σ phases remained; the BCC peak
(221) intensity remained relatively low, but increased
compared to HEA-1, signalling an increase in BCC
phase volume fraction. FCC phase remained as the

Figure 4. SEM images of HEA-2 at (a) 100×; (b) 500×; and (c) 2000× magnifications.

Figure 5. SEM images of HEA-3 at (a) 100×; (b) 500×; and (c) 2000× magnifications.

Table 3. EDS composition measurements.

Alloy Scan type

at.-%

Fe Co Ni Cr Mn Al

HEA-1 Area scan 19.81 19.82 19.24 20.63 20.50 -
HEA-2 Area scan 17.04 16.86 23.87 17.53 17.09 7.61

Matrix spot scan 17.71 17.10 23.36 18.28 17.04 6.51
Intragranular phase (A) spot scan 6.71 11.37 36.21 5.23 17.96 22.52
Intergranular phase (B) spot scan 6.33 11.36 36.58 4.64 18.07 23.02

HEA-3 Area scan 20.57 20.16 29.02 20.99 - 9.25
Matrix spot scan 20.79 20.77 28.56 21.27 - 8.61
Intragranular phase (A) spot scan 17.62 17.53 31.35 17.31 - 16.20
Intergranular phase (B) spot scan 11.78 13.67 38.20 9.35 - 27.00
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predominant phase in HEA-2. BCC phase likely has an
Al–Mn-rich composition; however, it cannot be
confirmed from the SEM images or from elemental
mapping presented in Figure 7.

In HEA-3 alloy (Figure 9), the FCC peaks on the
XRD spectrum resemble those detected in HEA-2.
The σ-phase also continued to exist. However, the
BCC structure could no longer be detected owing to
the removal of Mn, confirming the Mn-rich nature of
the BCC phase.

3.4. Hardness results

Table 4 summarises the results from Vickers micro- and
nano-indentation tests of the three alloys. Matrix of the
alloys was evaluated using micro-indentation to capture
the overall hardness of the material. The secondary
phases found in HEA-2 and HEA-3 were too small to
evaluate using micro-indentation and were therefore
further evaluated using nano-indentation owing to
their size. In the case of HEA-1, there was no optically
discernable secondary phase, so only microhardness
was carried out. For HEA-2 and HEA-3, the hardness
results were obtained from larger secondary phases
(presumably Ni3Al). From the results it is evident that
the addition of Al in HEA-2 increased the bulk hardness
of the material from 142 to 202 HV. With the removal
of Mn in HEA-3, the bulk hardness increased further
to 217 HV. The secondary phases measured 617 and
583 HV in HEA-2 and HEA-3, respectively. It should
be noted that the nano-hardness of secondary phase
in HEA-2 is higher than in HEA-3, however, it has a

higher standard deviation (57.7 versus 17.6, for HEA-2
and HEA-3, respectively).

4. Discussion

4.1. Solidus and liquidus

HEA-1 alloy contains roughly equal amounts of Fe–Ni–
Co–Cr–Mn. These elements in their pure form have the
melting points of 1538°C, 1455°C, 1495°C, 1907°C,
1246°C [5], respectively. Miracle et al. [5] stated that
the properties of single-phase equiatomic HEAs can
be estimated by averaging properties of the individual
elements. Based on this, the melting temperature of
HEA-1 should be close to 1528°C. However, in this
study, the DSC results showed that HEA-1 has solidus
and liquidus temperature of 1296.3°C and 1325.7°C,
based on exothermic curves. In other studies, this
alloy was found to have Ts between 1290°C and 1334°
C [6,35] and TL of 1340°C [35]. The results from this
study and several other studies confirmed that the soli-
dus and liquidus temperatures for this alloy varied
within ±25°C [6,35].

In alloy HEA-2, Mn and Al act as a melting point
depressant when compared to Fe, Ni, Co and Cr,
especially Al (Tm= 660°C). Addition of Al to the alloy
structure resulted in decreased solidus and liquidus
temperatures for HEA-2 (1271.8°C and 1287.6°C,
respectively). On the other hand, HEA-3 exhibited the
highest solidus and liquidus among the three alloys
studied here. With the removal of Mn and an increased
Ni content, the solidus and liquidus temperature

Figure 6. EDS elemental mapping of HEA-1.
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Figure 7. EDS elemental mapping of HEA-2.

Figure 8. EDS elemental mapping of HEA-3.
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reached 1354.7°C and 1376.0°C, respectively. There cur-
rently exists limited data to validate these measure-
ments, however, several studies reported phase change
temperatures for similar alloy systems. Stryzhyboroda
et al. [36] observed the temperature of 1360°C (TS)
and 1400°C (TL) for Al0.6CoCrFeNi. The same study
showed that the melting temperature increases with
increasing Al content, upwards of ∼1480°C for the
same system with Al1.5CoCrFeNi. This can be explained
by the formation of intermetallic Ni-Al compounds (e.g.
NiAl, Ni3Al, NiAl3). Ni3Al, in particular, is known to
have a high melting temperature and is commonly
found in commercial high-performance materials,
such as IN 738 and René 41 superalloys. Several Al-
Co-Cr-Fe-Nb-Ni non-equiatomic alloy systems studied
by Antonov et al. [37] exhibited TS in the range of 1279°
C–1318°C and TL in the range of 1342°C–1370°C, while
Munitz et al. [38] reported a peak at 1410°C during the
DSC heating cycle of AlCrFeNiMo0.3 alloy.

4.2. Microstructure

Examining the images in Figures 3 and 6, it is evident
that HEA-1 results agree well with previously reported
microstructure for this alloy, although there were indi-
cations of some BCC and σ phase formation revealed
by XRD. The presence of BCC phase may be associated
with the residual elements with BCC structure such as
Fe and Mn; homogenisation treatment is currently
under way to examine the effects of heat treatment of
these alloys. Alloys with equiatomic distribution of
Fe–Ni–Co–Cr–Mn have been shown to produce a
single-phase coarse-grained FCC HEA [10–
12,15,16,18,20]. The formation of σ-phase was observed
after prolonged exposure to 700°C [19]. There is also
twinning observed in the microstructure (indicated by
an arrow in Figure 5(a)). In fact, preferential grain
orientation was described by previous studies, in order
of prevalence, as {101}, {111}, {001} [20]. Twin bound-
aries, such as the one seen in Figure 3(a), are known
to increase the alloy’s strength by impeding the dislo-
cation motion, as well as increasing the material’s duct-
ility and work-hardening capability [39,40]. Formation
of twins is one of the most important deformation
mechanisms in low stacking fault energy FCC metals
[40], and is commonly seen in alloys with HEA-1 com-
position [24,41,42]. XRD in this study showed presence
of two FCC phases [34]; this could be attributed to the
ordered and disordered FCC phase formed during

Figure 9. XRD results of HEA-1, HEA-2, and HEA-3.

Table 4. Hardness values of HEAs examined in this study.

Alloy Location
Average

Hardness (HV)
Standard

Deviation (HV)

HEA-1 Bulk 142 1.8
HEA-2 Bulk 202 12.4

Secondary Ni3Al phase
a 617 57.7

HEA-3 Bulk 217 7.0
Secondary Ni3Al phase

a 583 17.6
aNote: Measurement was carried out via nano-indentation.
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cooling from HIP. These two phases cannot be differen-
tiated using SEM.

The SEM images and the EDS analysis of HEA-2
indicate that addition of Al to the base alloy, and a sim-
ultaneous increase of Ni content yielded a predomi-
nantly FCC structure in this alloy. From Figure 4(a),
an elongated grain structure can be observed, consisting
of FCC phase [32]. The EDS coupled with the XRD
results clearly indicate the formation of a secondary
L12 phase (Ni3Al) dispersed in A1 matrix. In addition,
XRD analysis found minor BCC and σ phases. It has
been reported that when Al is below 8 at.-%, in a
(FeCoNiCrMn)Alx system, a solid-solution FCC struc-
ture forms; dual-phase structure forms beyond 8 at.-%
and up to 16 at.-% [21]. Many studies reported that
increasing Al content in HEAs led to an eventual for-
mation of a single-phase BCC [20,21,26,32,43]. A
dual-phase FCC + BCC structure was observed in Fe18-
Co18Ni20Cr18Mn18Al8 alloy, with FCC occupying
approximately 70% of the overall volume [20]. Lin
et al [25] also noted the presence of σ-phase in
CrMnFeCoNiAl0.25, amount of which decreased with
the increasing heat treatment exposure. It is to
be mentioned that because of the formation of Ni3Al and
its overlapping with the primary FCC phase, it is not
possible to conclude whether a mixture of
ordered and disordered FCC existed in this alloy, as in
HEA-1.

In HEA-3, the EDS analysis and XRD (Table 3 and
Figure 9) confirmed the presence of an Al–Ni-rich sec-
ondary phase, in addition to the matrix FCC phase. The
removal of Mn from the alloy eliminated the BCC
phase, suggesting that Mn may have contributed to
the formation of the BCC phase in HEA-1 and HEA-
2. Even with the post-casting HIP process, some σ-
phase remains in all three alloys. This phase is known
to be brittle in nature and ties up Cr from the matrix.
As such, homogenisation heat treatment must be con-
ducted to reduce it. Furthermore, the 60° marks
observed in Figure 5(a) signal the presence of the Wid-
manstätten structure. This structure was also observed
in a study of Al60CoCrFeNi alloy [32]. These structures
are known to increase the hardness and contribute to
the brittleness of the material [32]. On the other hand,
annealing twins were not observed in HEA-2 or HEA-
3 materials, likely owing to formation of Ni3Al second-
ary phases. Annealing twins can form as a result of grain
migration. The secondary phases formed along the grain
boundaries, preventing the movement and growth of
grains, and therefore the formation of annealing twins
[44]. Annealing twins are favourable for improving
microstructure-controlled properties, including creep
and oxidation behaviour of the materials.

4.3. Hardness

The bulk microhardness of the HEA-1 was measured as
142 HV (Table 4), consistent with other studies that
reported hardness in the range of 140–170 HV for alloys
manufactured through conventional methods, such as
arc-melting. The presence of twinning in this alloy
could contribute to higher hardness [40]; however this
effect is not evident.

Compared to the base FeCoNiCrMn alloy, the bulk
hardness of HEA-2 alloy (in the region without Al-
rich precipitates) increased to 202 HV with the Al-
rich phase exhibiting a hardness of 617 HV (Table 4),
suggesting an increase in hardness of the matrix associ-
ated with the addition of Al. Alloy systems with similar
Al ratio found in the literature have hardness values in
the range of 300–500 HV [21], this is presumably a com-
bined value including both FCCmatrix and Al-rich pre-
cipitates. Similarly, the bulk hardness of HEA-3 alloy is
approximately 217 HV, which exhibits the highest hard-
ness of the three alloys, caused by removal of Mn. In
addition, the hardness measured on the precipitates
recorded a similar value as in HEA-2, i.e. 583 HV
(Table 4). Based on literature, alloy systems resembling
HEA-3, with an Al atomic ratio between 0.3 and 0.7,
were reported to have hardness in the range of 150–
300 HV [28,45]. Our results fall within the published
values, with or without taking consideration of the Al-
rich precipitates.

Validation of HEA-2 and HEA-3 results proves to be
more challenging owing to differences in compositions
and processing methods between various research
groups. Studies use different atomic ratios, mainly
owing to variations in Al and Ni content, affecting the
microstructure and mechanical properties of the
materials. Ni is commonly used to produce high
strength alloys owing to its ability to form a solid-sol-
ution matrix with alloying elements such as Cr. The
addition of Al to FeCoNiCrMn (HEA-1 composition)
was studied in [21]; the increase in Al corresponds to
the increase in material hardness owing to secondary
phase formation and FCC-BCC transformation in
alloy with Al composition greater than 8 at.-%. Further-
more, the presence of Mn changes the balance of the
FCC and BCC phases, and in turn contributes to the
reduction in bulk hardness [46]. The two effects com-
bined, explain the higher bulk hardness of HEA-3
material (10.00 at.-% Al) when compared to the HEA-
2 alloy (8.32 at.-% Al).

The materials evaluated in this study are relatively
new, so this work facilitates forming the understanding
of their applications based on the microstructure prop-
erties. The results presented here provide an early
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indication that HEA-2 and HEA-3 may have mechan-
ical and thermal qualities similar to those of superalloys
owing to the formation of FCC L12 phase (Ni3Al). On
the other hand, HEA-1 may rely on annealing twinning
to improve creep and oxidation properties. The
enlarged grains observed in HEA-3 may be favourable
for creep resistance. In the upcoming works, these
materials are expected to be further evaluated for use
in energy and transportation fields, in particular for oxi-
dising environments [8]. Additional studies showcasing
the effects of heat treatment and various manufacturing
techniques are also of interest, and so are studies com-
paring the mechanical performance of HEAs to com-
mercial alloys.

5. Conclusion

In this study, three vacuum cast and HIP’d high entropy
alloys were examined: FeCoNiCrMn (HEA-1),
FeCoNi1.5CrMnAl0.5 (HEA-2) and FeCoNi1.5CrAl0.5
(HEA-3). The results showed that:

(1) HEA-3 exhibited the highest melting temperature
out of the three studied alloys, whereas HEA-2
showed the lowest. This is likely owing to the
changes in Mn, Al, and Ni content.

(2) HEA-1 formed a single-phase FCC solid solution
(mixture of ordered and disordered) with elongated
grains. Small amounts of BCC and σ-phase were
identified with XRD, likely owing to inadequate
heat treatment.

(3) HEA-2 and HEA-3 both formed secondary inter-
metallic phases enriched in Al and Ni, which
increased the materials’ hardness. For both alloys,
the EDS and XRD analysis identified the secondary
phase as Ni–Al-rich FCC L12 phase (Ni3Al).

(4) HEA-3 exhibited the highest matrix hardness
among the three alloys (217 HV); HEA-2 and
HEA-3 both contained Ni3Al phase with elevated
hardness values.
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