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A FeCrCuMnNi high-entropy alloy was produced using vacuum induction melting, starting from high-
purity raw materials. The microstructure and mechanical properties of the as-cast FeCrCuMnNi alloy were
studied, considering x-ray diffraction (XRD), scanning electron microscopy, and hardness and tensile tests.
XRD results revealed the existence of two FCC phases and one BCC phase. Microstructural evaluation
illustrated that the as-cast alloy has a typical cast dendritic structure, where dendrite regions (BCC) were
enriched in Cr and Fe. Interdendritic regions were saturated with Cu and Ni and revealed G/B(T)
{110} (111) and Brass {110} (112) as the major texture components. The produced alloy revealed an
excellent compromise in mechanical properties due to the mixture of solid solution phases with different
structures: 300 HV hardness, 950 MPa ultimate tensile strength and 14% elongation. Microhardness test
results also revealed that the BCC phase was the hardest phase. The fracture surface evidenced a typical
ductile failure. Furthermore, heat treatment results revealed that phase composition remained stable after
annealing up to 650 °C. Phase transformation occurred at higher temperatures in order to form more

stable phases; therefore, FCC2 phase grew at the expense of the BCC phase.
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1. Introduction

High-entropy alloys (HEAs) are equiatomic or near-
equiatomic metallic solid solutions composed of 5 to 13 major
elements, and the molar ratio of each element varies from 5 to
35 at.% (Ref 1, 2). HEAs usually show very simple structures
such as face-centered cubic (FCC) and/or body-centered cubic
(BCC) solid solutions instead of complex intermetallics. This is
often attributed to their high configurational entropy (Ref 3, 4).

In the past few years, a large numbers of studies have been
conducted on the microstructure and mechanical properties of
different HEAs (Ref 5-9). The researches on mechanical
properties were mainly restricted to the mechanical properties
of the as-cast single-phase alloys (Ref 10-13). Shun and Du
(Ref 11) reported a medium-range strength (~ 350 MPa UTS)
and good ductility (~ 60% elongation) for an as-cast
Al 3CoCrFeNi HEA with single FCC phase. He et al. (Ref
12) reported that by moving toward a single BCC phase HEA
from a FCC one, the strength increases but the ductility
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decreases remarkably. Generally, single-phase FCC-type HEAs
exhibit high ductility and medium to high tensile strength. In
contrast, BCC-type HEAs have high strength, typically asso-
ciated with low ductility (Ref 1, 13). Basically, single-phased
HEAs have been found to reach a reasonable balance between
strength and (tensile) ductility with difficulty (Ref 14).
Therefore, a mixture of these phases could lead to an interesting
compromise between hardness and ductility. Recently, a few
researches have been conducted with the aim to optimize the
mechanical properties of dual-phase HEAs (Ref 5-7, 14, 15). It
seems that this combination can lead to both high fracture
strength and high ductility as reported in different researches
(Ref 7, 14).

FeCrCuMnNi was first reported as a new HEA consisting of
the mixture of FCC and BCC phases by Li et al. (Ref 16).
However, the microstructure and mechanical properties of this
alloy were not sufficiently investigated (Ref 15, 16). Therefore,
the aim of this research was to perform such an investigation
through looking at the structure, microstructure and mechanical
properties of the as-cast equiatomic FeCrCuMnNi high-entropy
alloy. The alloy was produced using a vacuum induction
melting furnace. The formation of solid solution phases was
evaluated through x-ray diffraction (XRD) and thermodynamic
calculations. Grain structures and chemical compositions were
assessed through electron backscatter diffraction/energy-disper-
sive x-ray spectroscopy (EBSD/EDS) together with tensile,
hardness and microhardness tests.

2. Experimental Procedure

The FeCrCuMnNi high-entropy alloy was produced through
vacuum induction melting of high-purity (more than 99.85%)
raw materials. Before charging the raw materials into the
crucible, all alloying elements were cleaned with acetone and
dried. Subsequently, the chamber was brought to a vacuum of
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1 x 107 Pa and then filled with high-purity argon to 1 atm.
The vacuum-filling cycle was repeated two times. The alloy
was then casted into a graphite mold with dimensions of
15 x 100 x 100 mm. To ensure compositional homogeneity,
the ingots were remelted two times. In order to study the effects
of different heat treatment temperatures, specimens with
dimensions of 100 mm x 10 mm x 1 mm were cut from the
as-cast ingot and heat-treated at different temperatures (500 °C,
600 °C, 650 °C, 700 °C, 750 °C, 800 °C, 900 °C and
1000 °C) for 4 h in a vacuum furnace.

The crystal structure was investigated using a Philips x-ray
diffractometer with Cu Ka (1 = 0.15406 nm) diffraction gen-
erated at 40 kV and 30 mA with the scanning angles ranging
from 20 to 100 degrees and a step size of 0.05°. The
microstructure and texture of the as-solidified sample were
analyzed using a scanning electron microscope (SEM) (Philips
FEI XLF30) equipped with backscatter electron (BSE) and
EBSD detectors.

Tensile test samples were machined from the as-cast ingot
through electrical discharge machining (EDM). The gauge
width and length were 2.5 and 6.4 mm, respectively. The
tensile tests were performed using a Hounsfield H25KS testing
machine. The Vickers hardness test was also performed on the
sample under a load of 10 kg, during 30 s. For each sample 8
tests were performed, from the results of which the maximum
and minimum values were removed. In some tests, a lower load
of 5 g (during 10 s) was used in order to investigate the
hardness of individual phases of the alloy.

3. Results and Discussion

3.1 Structural Characterization

The XRD pattern of the FeCrCuMnNi high-entropy alloy is
shown in Fig. 1, indicating two FCC phases and one BCC
phase. Generally, Cu and Ni are FCC-forming elements and the
presence of Cr and Fe elements in the structure leads to the
formation of FCC + BCC mixed structures (Ref 15, 17).
Therefore, the structure of the produced alloy includes a
mixture of FCC and BCC phases. The lattice constants of the

FCC (1 and 2) and BCC solid solutions were calculated from
the principal peaks to be 3.671, 3.613 and 2.876 A, respec-
tively.

High-entropy alloys are usually identified as alloys with a
disordered solid solution phase structure. In general, these
alloys contain 5 to 13 elements in an equiatomic or a near-
equiatomic concentration, with high configurational entropy
(Ref 1, 18). In order to predict structural stability and solid
solution phase formation in HEAs, several physical parameters
have been proposed. These parameters were calculated using
the following equations (Ref 1, 19).

ASmix =—R Z)(tln)(t (Eq 1)
=1
AHpiy = Y 4AHRXX; (Eq 2)
i=1,j#i
T =Y Xi(Tw), (Eq 3)
i=1
N N 2
=1 =1
TmASmix
Q=X Eq 5
Ao (Eq5)

where ASp,;x is the entropy of mixing, X; is the mole percent of
component #, R is the gas constant, AH i, is the enthalpy of
mixing, AHYg is the enthalpy of mixing of binary liquid alloys,
and (7T},,); is the melting point of component i and #; is its atomic
radius. The calculated values of these parameters are presented
in Table 1. Q and 6 are two parameters widely used to predict
the phase formation in multi-principal component alloys (Ref 2,
19, 20). ¢ is the atomic size difference, and Q is the combined
effects of the mixing entropy, mixing enthalpy and melting
temperature. In order to form solid solution in a multi-principal
component alloy, Q@ > 1.1 and § < 6.6% are required (Ref
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Fig. 1 XRD pattern of as-cast FeCrCuMnNi high-entropy alloy
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19, 21), which is the case here. In addition, Senkov and Miracle
proposed a new thermodynamic parameter to predict the
formation of solid solution in HEAs (Ref 22). They reported
that solid solution forms in HEAs when K5 > K. These
parameters were defined as follows:

AHng =) _4HMX.X, (Eq 6)
i<j

K = ﬁHH—K (Eq 7)

ko= o (B 8)

Ko = s (1= K) £ 1 (q9)

where AHp, and ASp, are the enthalpy and the entropy of
formation of ordered binary compounds. As shown in Table 1,
the values of K; and K3 for the FeCrCuMnNi alloy meet the
criterion of the formation of the solid solution phase.

Figure 2(a) and (b) illustrates the typical cast dendritic
structure of the FeCrCuMnNi high-entropy alloy. In Fig. 2(b),
three different phases can be distinguished, which is consistent
with XRD results. Furthermore, the phase map of the as-cast
sample extracted from EBSD is shown in Fig. 2(c). It can be
seen that FCC phases were indexed as interdendritic regions
(IDRs) and the BCC phase was indexed as dendrite regions
(DRs). However, in IDRs, two FCC phases were not distin-
guished by EBSD due to their similar lattice parameter. This
figure also reveals that the as-cast sample contains almost 82%
and 18% of the FCC and BCC phases, respectively.

In order to characterize the compositions of the individual
phases, at least 10 EDS points were conducted on each phase.
The specification and the chemical composition (in at.%) of the
three phases characterized by EDS and XRD are shown in
Table 2. As shown in this table, DRs have a BCC structure
saturated with Cr (~ 38 at.%) and Fe (~ 31 at.%). This phase
can be seen as the darkest phase in Fig. 2(b), since Cr is the
lightest element in the alloy composition. IDRs consist of two
FCC phases. The main phase (FCC1) is enriched in Cu
(~ 45 at.%). This phase can be distinguished as the brightest
phase, since Cu is the heaviest element in the alloy. Moreover,

Table 1 Calculated parameters of AS,,ix, AHpnixs Ty 0, Q, K; and K3 for the FeCrCuMnNi alloy

ASmix, J/K mol™! AH iv, kJ/mol T K°

5 x 100 Q K, Ks

13.38 2.72 1720

42 8.46 - 0.88 9.4
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Fig. 2 (a) and (b) SEM microstructure of the as-cast FeCrCuMnNi high-entropy alloy at different magnifications and (c) phase map of the as-

cast sample
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Table 2 Specification of the as-cast sample and the three phases (at.%) of the FeCrCuMnNi alloy

Structure Fe, % Cr, % Cu, % Mn, % Ni, % Lattice parameter, A
As cast FCC + BCC 20.0 = 0.9 19.1 £ 1.1 208 £ 1.2 19.9 + 0.5 20.2 + 0.7
Dendrite BCC 31.1 £ 1.8 38.0 24 42 +0.8 126 £ 1 14.1 £ 1.1 2.876
Interdendrite FCC1 7.6 £1 3.8 +0.7 451 +23 234+13 201 £ 1.5 3.671
FCC2 27.0 + 2.1 232+ 19 83 £ 1 151+ 0.9 264 + 2 3.611

10
FCC1
mFCC2 H
1+ :
’,' g n l*. Fe Cr

Segregationratio

0.01

Fig. 3 Elemental segregation ratio of the as-cast FeCrCuMnNi
alloy

the FCC2 phase which is saturated with Fe, Ni and Cr can be
seen as the gray traces around the DRs.

Generally, the segregation of Cu in the IDRs can be
explained by positive mixing enthalpies of Cu with Cr and Fe
(Ref 23, 24), i.e., Cu concentrates in the IDRs, in zones with
reduced Cr (and Fe) content. On the other hand, negative
mixing enthalpies between Cu and Ni lead to the association of
Ni to Cu in the IDRs (Ref 23). In addition, segregation of each
element in the IDRs can be measured through segregation ratio
(SR) using the following equation (Ref 25):

at.% in DR
SR = LM%
at.% in IDR

Figure 3 shows the SR of the two FCC phases. For SR of less
than 1, the IDRs are enriched in the element, and decreasing
this ratio illustrates the enhancement of the segregation in the
IDRs. Similarly, for SR of more than 1, the DRs are enriched in
the element (Ref 25). Therefore, it can be seen that Cu, Mn and
Ni segregate in IDRs and DRs which are enriched in Cr and Fe.
As previously mentioned, the SR values indicate that Cu has
the maximum segregation in FCC1; however, Cr and Fe
segregate in the BCC. Lower ratios of segregation are measured
in the FCC2 phase, i.e., its composition is closer to that of the
BCC phase.

Chemical (EDS) maps of elements are provided in Fig. 4.
This figure confirmed that Cu and Ni segregate to IDRs and Cr
segregates to DRs. Furthermore, Fe and Mn almost reveal a
homogenous distribution in the as-cast alloy. These results are
consistent with those presented in Fig. 3.

Figure 5 illustrates a line scan result, moving from an IDR
to the center of a DR. The line scan crosses the three different
phases of the alloy. Again, FCC1 exhibits the maximum
amount of Cu and Ni elements, while the major elements of
BCC are Cr and Fe. Element quantities are not stable within
one phase. In the FCC2 phase, Cu and Ni elements have their

(Eq 10)
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maximum amount near the interface with FCC1 and their
minimum amount near the interface with the BCC phase. An
opposite behavior was observed for Cr. One can therefore
interpret the FCC2 phase as a “transition phase” in the alloy
structure, which contains 10 to 30 at.% of each element. Cr, Ni
and Fe are the major elements, ranging between 23 and
27 at.%, which is again intermediate between the compositions
of the FCC1 and BCC phases.

@, = 0° and 45° sections of the ODF maps for the FCC and
BCC phases are represented in Fig. 6. The important texture
components for the alloy (which will be discussed later) are
shown in Table 3. It can be seen that Goss/Brass(Twin) (G/
B(T)) {110} (111) and Brass {110} {(112) are the major texture
components of the FCC phase. In addition, the weak compo-
nents of Goss {110} (001), Rotated cube (Rt-C) {100} (011)
and Copper {112} (111) can be seen in the ODFs. The BCC
phase also shows Rt-C and Copper as the main texture
components. To our knowledge no investigation has been
conducted on the texture of as-cast HEA; however, surprisingly,
Sathiaraj et al. (Ref 26) reported that the texture components of
FCC phase are almost the same as cold-rolled and annealed
FCC structure HEA. They also reported that the formation of
these components is based on the cold-rolled structure, texture
and grain size and also depends on the annealing temperature;
however, the nature of this texture variation is relatively
unexplored (Ref 26-28). In addition, almost the same compo-
nents were seen in the low SFE FCC/L1, phases AICoCrFe-
Ni, ; HEA (Ref 29). As FeCrCuMnNi alloy was investigated in
as-cast condition, the effect of the previous condition was not
meaningful here. Therefore, the authors suggest that the low
speed of solidification and the presence of the alloy at high
temperatures for a long time may have led to the formation of
these components. Additionally, no crystallographic orientation
relationship was observed between these two regions (DRs and
IDRs).

3.2 Mechanical Properties

Figure 7 shows the engineering stress—strain curve of
FeCrCuMnNi high-entropy alloy under tension at room
temperature. Balanced mechanical properties, i.e., high strength
and good ductility, are apparent in this figure. Ultimate tensile
strength (UTS), yield strength and elongation are 950 MPa,
615 MPa and 14%, respectively, which are excellent in
comparison with other HEAs with as-cast structure (Ref 11,
13). Table 4 reveals the tensile properties of different HEAs for
better comparison. The fracture strength of FeCrCuMnNi HEA
is much higher than that of most reported FCC HEAs, while at
the same time the ductility of this HEA is much higher than
most reported BCC HEAs. About 950 MPa UTS and 14.4%
elongation with hardness of higher than 300 VHN place the
alloy in the category of metals with an excellent combination of
mechanical properties.
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Fig. 4 EDS maps of components for as-cast FeCrCuMnNi alloy

As previously noted, BCC-structured high-entropy alloys
have high strength and low ductility, while FCC-structured
alloys have lower strength but increased ductility (Ref 1). It is
therefore expected that a combination of FCC and BCC phases
leads to a good compromise between these two properties (Ref
1, 18). The presence of a continuous ductile matrix (FCC IDRs)
in the alloy is the most important reason for the good ductility.
On the other hand, the formation of the FCC2 phase with
intermediate elemental distribution between FCC1 and BCC
(Table 2) phases leads to a progressive transition between DRs
and IDRs, which is likely to reduce stress concentration and
crack nucleation during deformation, as compared with, for
example, a two-phase composite.

Furthermore, in the high-entropy alloys, different atomic
sizes, bonding energies and crystal structures among the
constituent elements lead to high lattice distortions (Ref 1, 2).
The hardness and strength of these alloys effectively increase
due to these lattice distortions and their associated elastic stress
field, which reduce dislocation mobility. Another way of

2392—Volume 28(4) April 2019

looking at the increased strength is to consider the large
solution hardening effects.

Microhardness measurement promotes the above scenario, as
269, 310 and 391 HV were obtained for FCC1, FCC2 and BCC,
respectively. The BCC phase was confirmed as the hardest
phase, which is consistent with the general trend in HEAs (Ref 1,
2). The increased solution hardening effect, compared to FCC
phases, might be due to difference in the coordination number
(12 for FCC and 8 for BCC), which leads to a larger fraction of
atomic pairs with unlike atoms (Ref 18). On the other hand, the
difference in hardness of FCC phases might be due to a
difference in the main elements, atomic radii, which is higher for
FCC2 (Cr, Fe, Ni) than for FCC1 (Cu, Mn, Ni).

The measured strain hardening behavior can be rationalized
using the simple Hollomon’s equation (Ref 33, 34) (Eq 11)
with a strain hardening exponent (#) and the slope of Ine-Ino
curve, expressed by Eq 12:

g =K¢" (Eq 11)
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Fig. 5 Line scan EDS result highlighting the composition of the
three different phases

n=d(Ing)/d(In¢) (Eq 12)

In addition, the differential method of Crussard—Jaoul (C-J) can
be used to study the strain hardening of the alloy. The following
formula is derived by the differentiation of Eq 11.

d
ln<d—:> = In(Kn) + (n — 1) Ine (Eq 13)
In the Ine—In(do/de) curve, (n — 1) is the slope of the curve.
Modified (C-J) analysis is also presented by the Swift model,
where the correlation between strain and stress is stated as
follows (Ref 34):

e =g+ ca” (Eq 14)

where ¢, is the material constant, m is the reversed power of
work hardening, and ¢ is the material constant. The following
formula is extracted by the differentiation of this equation:

ln<g> =(l—m)lno —Incm (Eq 15)

de

In the Ino—In(do/de) curve, (1 — m) is the slope of the curve.
Figure 8 reveals three different curves based on the three
different analyses explained above. As shown in Fig. 8(a), the
strain hardening behavior proceeded in two steps in Hollomon’s
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Table 3 Important texture components studied in the
FeCrCuMnNi alloy

Texture component  Miller indices ¢; @ ¢, Symbol
Goss {110} (001} 0 45 0 0]
Brass {110} (112) 35 45 0 @
Rotated cube {100 <011) 0 0 45 ®
Goss/Brass (Twin) {110} (111) 55 45 0 @
Copper {112} (111) 90 35 45 ®

method. The slope of the curve is smaller in the first step and
increases with increasing strain which means that the alloy
deforms with higher strain rate in the second step. In the first
step, plastic deformation of the softer phase (FCC1) and
elastic—plastic deformation of the harder phases occur, resulting
in a low strain hardening rate. In this step, the FCC1 phases
carry most of the deformation, while transferring load to the
two other phases. In the second step, both FCC phases deform
plastically, while the BCC phase deformation is elastic. The
result is a more non-homogeneous deformation in the
microstructure, and therefore an increased production of
geometrically necessary dislocations, leading to an increased
strain hardening rate compared to the first step (Ref 35-37). The
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same process can be seen in the C—J and modified C—J methods
as shown in Fig. 8(b) and (c), where the slopes are n — 1 and
1 — m, respectively. This behavior has also been reported in
dual-phase steels, in which at the first stage with the low slope,
the softer phase (ferrite matrix) deforms plastically, but the
harder phase (martensite) remains elastic and, at the second
stage with the high slope, both phases deform plastically (Ref
34, 35).

The fracture surface of the tensile test sample was studied
using SEM and optical microscopy (OM) in order to evaluate
the fracture mechanism (see Fig. 9). Ductile fracture with deep
equiaxed dimples can be observed in this figure. Generally,
ductile fracture occurs due to the formation and coalescence of
microvoids ahead of the cracks. During plastic deformation,
microvoids form in the alloy, mostly on the surfaces of phases,
and then, join together. When the walls between these growing
voids break, the final fracture occurs (Ref 38, 39). Excessive
plastic deformation and the formation of a rough fracture
surface with equiaxed, deep dimples are the characteristics of
the fracture surfaces of the ductile metals. A high-magnification
image confirms ductile fracture of the as-cast alloy, with such
characteristic features, as shown in Fig. 9(b). Furthermore,
Fig. 9(c) depicts the OM micrograph of the fracture surface
from the transverse view. A rough fracture surface resulting
from plastic deformation can be observed.

3.3 Heat Treatment

Figure 10 illustrates the XRD patterns of the heat-treated
alloys at different temperatures. In this figure, as well as the as-
cast sample two FCC phases and one BCC phase were
observed in the heat-treated alloys. As can be seen, the structure
of the alloy is stable after heat treatment up to 650 °C for 4 h.
However, at temperatures of higher than 650 °C, two different
phenomena take place. First, a ¢ phase of CrsFegMng
composition forms after 4 h at 700 °C. This phase has a
tetragonal structure with lattice constants a = 9.09 A and
¢=9.99 A and results from the transformation of the BCC
phase (Ref 40). Formation of binary or ternary intermetallic
compounds during the annealing of HEAs has been reported in
other systems (Ref 21, 40, 41). This compound reaches its
maximum amount at 800 °C. However, it dissolves in the
matrix at higher temperatures.

Second, the peaks of the BCC phase start decreasing in
intensity with the increase in heat treatment temperature and
reach their minimum intensity at 1000 °C. On the other hand,

1000
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Fig. 7 Engineering stress—strain curve of FeCrCuMnNi
entropy alloy under tension
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Table 4 Tensile
HEAs

properties

of different

single-phase

Alloy Phase UTS, MPa Elongation, %  Ref
Aly;CoCrFeNi FCC 350 55 (11)
FeCoCuNi FCC 450 15 (30)
FeCoCuNiSny , FCC 250 3 30)
AlCuCrFeNiCo FCC 790 0.2 (13)
FeMnNiCuCo FCC 450 14 (€28)
FeCoNiCrMnAlO.1 BCC 1150 4 (12)
TiZrNb BCC 940 12 32)
Hollomon analysis
y =0.1369x + 7.123
R? = 0.9996
6.8 -
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Fig. 8 Strain hardening behavior of the as-cast FeCrCuMnNi high-
entropy alloy using (a) Hollomon’s method, (b) C—J method and (c)

modified C-J method
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Fig. 9 Fractographic features of the FeCrCuMnNi as-cast high-
entropy alloy at the magnifications of (a) 250 x and (b) 1000 x and
from (c) transverse view of fracture surface of the test specimen

peaks of the two FCC phases change in intensity during the
different heat treatments. These variations in the XRD patterns
can be directly related to the variations of the amounts of
phases in the alloy.

The volume fractions of the ¢, BCC and FCC phases can be
roughly calculated using the following equation (Ref 17, 42):

P
Wp = —=— x 100
P=Sp %
where Wp is the volume fraction of the phase, P is the peak
intensity of a given phase in the XRD pattern, i is the number of
the phase, and X P; is the total peak intensity of all phases in the
XRD pattern. Variations of the volume fractions of the ¢, FCC

(Eq 16)
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and BCC phases during different annealing treatments are
shown in Fig. 11. It is evident that, by increasing the annealing
temperature, the FCC2 phase amount increases and reaches its
maximum at 1000 °C. Inversely, the FCC1 and BCC amounts
decrease with increasing temperature. About 20% and 72%
reduction in the amount of FCC1 and BCC phases can be seen,
respectively, when reaching the highest temperature. Further-
more, ¢ phase forms in the alloy structure from 700 °C and
reaches its maximum amount at 800 °C; however, it almost
dissolves entirely with the increase in heat treatment temper-
ature.

Figure 12 presents the microstructures of the CrCuFeMnNi
alloy after annealing at different temperatures. In addition,
variations in the chemical composition of the three phases were
measured using SEM-EDS analysis as shown in Table 5.
Based on XRD and EDS results, BCC phase is rich in Cr and
Fe and can be detected as DRs (see Fig. 12a). The gray regions
around the dendrites (FCC2 phase) are rich in Fe and Ni, and
the matrix of the alloy (IDRs) (FCCl phase) shows Cu
enrichment. The dendritic structure of the alloy is almost
stable after heat treatment at temperatures of up to 800 °C
(Fig. 12a—). However, the alloy structure entirely changes
when reaching 1000 °C. Figure 12(c) shows that at 800 °C, the
growth of the FCC2 phase and dissolution of the BCC phase
accelerate. As shown in Fig. 2, between 700 and 800 °C about
20% of the BCC phase dissolves, while the FCC2 amount
increases by almost 15%, with respect to the as-cast sample. At
this temperature, the FCC2 phase starts growing around the
DRs (BCC phase). After annealing at 1000 °C, the dendritic
structure disappears; DRs dissolve into the alloy matrix, and the
FCC2 phase spheroidizes. These findings of the microstructural
observation are completely consistent with the XRD results (see
Fig. 10).

In HEAs, the random substitution among the elements can
increase the lattice distortion energy due to the variable atomic
radii, which then leads to the formation of metastable phases
under non-equilibrium conditions. The phase distribution
changes to reduce lattice distortion when the supersaturated
solid solution is annealed at a high temperature (Ref 43). In
addition, according to the expression of the Gibbs free energy,
the following is true (Ref 1):

Gmix = Imix — TSmix (Eq 17)

The free energy decreases due to high entropy of mixing which
leads to the stabilization of the phases. The entropy of mixing
can be estimated in a solid solution using Boltzmann’s equation
(Ref 1, 22):

ASeont = —kInw = —R> xiInx; (Eq 18)
where AS...r is the entropy of mixing, & is the Boltzmann
constant, w is the number of mixed states, x; is the mole percent
of i component, and R is the gas constant. The amount of
entropy of mixing for the BCC, FCC1 and FCC2 phases of the
as-cast alloy, evaluated using Eq 18 and the data reported in
Table 5, is 11.6, 11.1 and 12.8 J/K mol™}, respectively. It is
clear that the FCC2 phase has the maximum amount of entropy;
hence, it has a stability advantage. This is consistent with the
growth of the FCC2 phase during annealing at high temper-
atures. Transformation of the BCC phase to FCC has also been
observed in annealing processes of other HEA systems (Ref 25,
41, 43).
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Fig. 11 Variations of the volume fraction of ¢, FCC and BCC phases by heat treatment temperature

Table 5 shows that chemical compositions clearly vary with
the annealing treatment. As revealed in Fig. 12(d), after 4 h of
annealing at the temperature of 1000 C, only small parts of the
BCC phase remain (about 5 vol.% in Fig. 11). These small
parts are mainly saturated with Cr (~ 50%) and Fe (~ 35%).
Moreover, some regions of the FCCI phase transform into
FCC2 phase, and the remaining parts are enriched with Cu.

2396—Volume 28(4) April 2019

Consequently, the FCC1 phase regions contain mainly Cu
(~ 55%), Mn (~ 20%) and Ni (~ 17%). Furthermore, the
FCC2 phase which grows and becomes the major phase
approximately retains its composition. This phase includes
mainly Fe (~ 35%), Ni (27%) and Cr (~ 25%). In fact, the
FCC2 phase grows by the absorption of atoms from neighbor-
ing phases, which leads to the shrinking of these phases and
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Fig. 12 SEM micrographs of the heat-treated alloys at temperatures of (a) 500 °C, (b) 700 °C, (c) 800 °C and (d) 1000 °C

Table 5 Chemical compositions (at.%) of three phases of
the FeCrCuMnNi alloy after different heat treatment
temperatures

Structure Fe Cr Cu Mn Ni
500 °C
BCC 335 42.3 3.1 10.8 10.3
FCC1 6.4 3.1 46.3 24.0 20.2
FCC2 27.3 24.0 7.1 14.9 26.7
700 °C
BCC 33.7 44.4 2.5 8.8 10.7
FCC1 7.1 2.9 46.5 23.5 20.0
FCC2 32.8 23.4 4.8 12.9 26.1
800 °C
BCC 334 46.9 2.1 8.1 9.5
FCC1 6.7 2.8 489 22.1 19.5
FCC2 335 24.5 4.0 11.3 26.7
1000 °C
BCC 34.7 49.3 1.2 6.1 8.7
FCC1 6.5 3.0 53.7 19.6 17.2
FCC2 347 25.0 4.1 8.9 27.3

their enrichment in some elements (FCCI in Cu and BCC in
Cr).

4. Conclusion

A FeCrCuMnNi high-entropy alloy was produced with a
mixture of two FCC phases and one BCC phase. The
microstructure and mechanical properties of the as-cast sample
were investigated using different tests. The following conclu-
sions could be drawn from this research:

1. Thermodynamic analysis illustrates the solid solution for-
mation, and based on microstructural observations, the al-
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loy can be divided into three regions: the BCC phase
(DRs) which is saturated in Cr and Fe elements, FCCl
phase (IDRs) enriched in Cu and Ni and FCC2 phase
(IDRs) which is rich in Fe, Ni and Cr.

2. EBSD results revealed that G/B(T) and Brass are the ma-
jor texture components in the FCC phases and Rt-C and
Copper components form in BCC phase. In addition, it
was seen that the as-cast alloy includes almost 18 vol.%
of BCC phase and 82% of the FCC phases.

3. The combination of FCC and BCC phases with different
characteristics led to an excellent compromise between
strength and ductility, and the alloy revealed a tensile
strength of ~ 950 MPa, yield strength of ~ 615 MPa
and elongation of 14%.

4. Dual strain hardening behavior of the alloy revealed the
enhancement of hardening coefficient by increasing
deformation in different analyses which were the same as
the behavior of dual-phase steels.

5. The as-cast alloy fractographs showed a typical ductile
fracture with equiaxed, deep dimples.

6. Phase composition of the alloy remained stable during
annealing up to 650 °C. Between 650 and 850 °C, a ¢
phase formed. However, this phase and the DRs (BCC
phase) almost dissolved in the matrix at 1000 °C. After
such a treatment, the alloy structure mostly consisted of
spherical FCC2 phase in the FCC1 matrix. The growth
of the FCC2 phase is related to higher entropy contribu-
tion compared to the other phases.
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