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1. Introduction

High entropy alloys (HEAs) as a new emerging category of
advanced materials, consist of five or more elements with an
atomic percent ranging between 5% to 35% [1,2]. Among the
various developed grades, the eutectic high entropy alloys
(EHEASs) are of high interest, which owes the elimination of
mushy zone (lack of solidification range), micro-segregation,
and their excellent castability. Also, EHEAs have significantly
tunable properties like (I) near-equilibrium microstructures
resistance against changes at high-temperature servicing
conditions (II) low-energy phase boundaries, (III) controllable
microstructures (IV) regular lamellar or rod-like eutectic
structures, and (V) capability to form an in-situ composite
[3,4]. Such in-situ composite like structures, compared with
conventional cast structures, include a soft face-centered
cubic (FCC) phase and a hard body-centered cubic (BCC)
phase provide acceptable combination of strength and
ductility and excellent work hardening capacity [5,6].

The first EHEA with the composition of AlCoCrFeNi, ;,
which was developed by Lu et al. [7], had a lamellar micro-
structure including B, ordered phases and presented
outstanding mechanical stability up to 700 °C. The thermal
phase-stability of the same chemical composition was also
investigated by Asoushe et al. [8]. It was shown that the vol-
ume fractions of FCC and BCC phases remained relatively
unchanged during warm deformation up to 500 °C, which
resulted in exceptional mechanical stability. Interestingly, the
phase fraction of the as-cast microstructure after various
thermomechanical processing such as cryo-rolling, warm
rolling and hybrid-rolling was also found to be constant.
Furthermore, the as-cast microstructure was developed into
an heterogeneous one and an acceptable strength-ductility
balance was achieved [9—11]. The previous research indi-
cated that the as-cast microstructure of AlICoCrFeNi,; EHEA
through the hot-rolling and subsequent aging could achieve
outstanding tensile properties, which is comparable with the
cold-rolled microstructure due to the formation of B, pre-
cipitates during the long-term aging treatment [12]. The for-
mation of the needle shape B, ordered phase during the heat
treatment of EHEA was considered as a decisive concept in
respect to thermal and mechanical stability. Accordingly, the
mechanical behavior of the as-cast AlpsCoFeNiCry, was
investigated after thermal treatment in the temperature range
of 550—850 °C for 24 h, and demonstrated that the formation
and evolution of ordered B, phase in the course of ageing
improved the mechanical properties [13]. The earlier in-
vestigations on AlCoCrFeNi [14] and Alp ¢CoCrFeNi [15] HEAs,
revealed that the B, precipitates were formed during the aging
process due to the transformation of L1, nano-precipitates to
B, needle shape precipitates, which is triggered by the higher
thermodynamic stability of B,—NiAl precipitates. However,
the previous research demonstrated that the formation of the
needle shape B, phase in primary FCC can be observed
through the long-term heat treatments at low-temperature
range [16]. Interestingly, the strain induced precipitation of
the B, phase was also reported by Zhang et al. [17] during hot-
tensile deformation of AlCoCrFeNi,,; EHEA. In all cases,
improvement in strength and hardness has been noted.

Considering this fact that the presence of Aluminum (Al) and
Nickel (Ni) in the chemical composition of the EHEA alloy
provide a proper condition for the precipitation of ordered B,
phase [18], and intensified elemental partitioning, the evolu-
tion of the FCC phase in the course of such short-time high-
temperature annealing is highly probable. Despite the valu-
able efforts investigating the formation of the B, ordered
phase, there is no systematic research exploring the effect of
temperature and soaking time on the formation of the B,
phase, especially at high-temperature regimes andas-cast
microstructure. To bridge this gap, the present work has
been steered towards the assessment of the thermal-phase-
stability in AlCoCrFeNi,; EHEA in the temperature/time
range of 800—1000 °C and 15—60 min, to evaluate the evolution
of FCC and B, ordered phases. Furthermore, the current work
also explores the correlation between the mechanical prop-
erties and the probable microstructure evolutions during the
aforementioned heat treatments.
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Fig. 1 — (a) Calculated equilibrium phase diagram as a
function of Nickel content; the phase diagram was
extracted from the ThermoCalc™ software, using the
nominal composition of the AlCoCrFeNi, ; alloy, which is
highlighted with a red dashed line. (b) Schematic view of
the performed heat treatment procedures at different
temperatures and soaking times.
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2. Experimental procedures

The AlCoCrFeNi, ; EHEA with a nominal chemical composi-
tion of 16.4A1-16.4Co—16.4Cr—16.4Fe—34.4Ni (at%) was syn-
thesized by vacuum induction melting. The ingot remelted at
least 5 times to ensure good chemical homogeneity. To predict
the equilibrium phases in the microstructure of the material,
the equilibrium phase diagram has been constructed using
ThermoCalc™ software (Fig. 1(a)). A dual phase FCC/BCC
microstructure is stable from the melting point down to
750 °C, while the lower temperature can trigger the trans-
formation of the primary FCC and BCC phases into new FCC
and BCC phases [19]. In order to examine the phase stability of
the primary duplex microstructure, the as-cast material was
subjected to different heat treatments at different tempera-
tures of 800, 900, and 1000 °C and different soaking times of 15,
30, 45, and 60 min. The corresponding heat treatment map is
schematically illustrated in Fig. 1(b). The microstructures of
the as-cast and heat-treated materials were characterized
using optical microscope (OM, Meiji ML7100) and field emis-
sion scanning electron microscope (FE-SEM, KYKY EMS8000),
which was equipped with energy-dispersive X-ray spectros-
copy (EDS) detector (Bruker, Xflash). X-ray diffraction (XRD,
Rigaku Ultima IV) using Cu K radiation and a wavelength of
1.5406 A was utilized to investigate the constituent phases in
each microstructure. Electron backscatter diffraction (EBSD)
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analysis was also performed with the aid of a Thermo-Fisher
Scientific/FEI's Scios 2 Dual-beam focused ion beam scan-
ning electron microscopy (FIB-SEM) equipped with an inte-
grated Oxford EBSD detector with 1000 nm step size. The
hardness of the heat-treated microstructures was determined
by the Vickers hardness (INNOVATEST hardness tester) test
under a load of 2 kgf and a dwell time of 30 s. All of thermo-
dynamic calculations were performed with the aid of the
ThermoCalc™ software using the TCHEA4 database [20].

3. Results and discussions

The OM and SEM micrographs of the as-cast microstructure
(Fig. 2(a) and (b)) demonstrate the primary simple FCC den-
dritic regions [21] separated by inter-dendritic areas, made up
of ordered (L1,/B,) lamellar eutectic regions [22,23]. EDS point
analysis was utilized to reveal the chemical composition of
each constituent phase in the microstructure and the results
have been listed in Fig. 2(b). The inter-dendritic regions is
enriched with Ni and Al, which is attributed to the signifi-
cantly low mixing enthalpy of Ni—Al couple (-22 kJ/mol)
comparing with the other binary compounds in the experi-
mented alloy [24]. For further clarification, the EBSD phase
map analysis and X-ray pattern are depicted in Fig. 2(c) and
(d), which confirm that the dual FCC/BCC with eutectic
lamellar pattern of the starting microstructure.

[ ° o .A
20 30 40 50 60 70 80
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Fig. 2 — (a) The optical micrograph of as-cast initial microstructure; (b) the scanning electron microscopy (SEM) micrograph
along with the corresponding energy-dispersive X-ray spectroscopy (EDS) point analysis of each phases; (c) electron
backscatter diffraction (EBSD) phase map, and (d) the X-ray diffraction (XRD) pattern of the as-cast microstructure.
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Fig. 3 — Optical micrographs of the heat-treated microstructures; blue, red, and green arrows correspond to the face-
centered cubic (FCC), body-centered cubic (BCC), and the needle-shaped (NS) phases, respectively.
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After executing the planned short-time heat treatments
(Fig. 1(b)) on the as-cast material, the resulting microstruc-
tures were studied via OM, and the corresponding results have
been depicted in Fig. 3. It is observed that in addition to the
primary FCC and BCC phases (pointed out by blue and red
arrows, respectively), fine needle-shaped (NS) precipitates
were formed within the dendritic regions (marked by green
arrows), which implies the instability of the FCC dendritic
areas during the short-time annealing. Further analysis of the
OM micrographs reveal that the annealing temperature and
the soaking time have the same effect on the above-
mentioned transformation; the higher temperature or time
applied, the higher fraction of NS phases precipitate. A similar
influence is evident on the primary dendritic region: raising
the temperature as well as increasing the soaking time trigger
these regions to coarsen and expand. However, comparing the
OM images of the heat-treated microstructures for 45 and
60 min demonstrates that the expansion trend of FCC den-
drites was ceased. This closely coincides with the observed
variation in the fraction of needle-shape phase vs. annealing
time (refer to Fig. 4). Furthermore, it is evident that the pri-
mary dendritic areas experienced considerable necking and
fragmentation by increasing the annealing time, which is
more intensified at higher temperatures. However, the NS
phase formation, nature, and response to different heat
treatments are still unclear and demand more accurate
analysis via electron microscopy methods.

Figure 5 represents the SEM micrographs of the heat-
treated microstructures at 800, 900, and 1000 °C for 15 min,
respectively. It can be understood that primary FCC dendritic
regions grew, and the transformed regions were increased.
Furthermore, it can be realized from these results that as the
temperature increased, the NS phase became coarser. Addi-
tionally, studying the elemental partitioning within the
transformed regions of the heat-treated microstructures
reveal the content of Ni and Al increased. Formation of similar
Ni—Al rich needle-shaped phases with ordered B, structure in
the FCC matrix has been also reported by Bonisch et al. [25].
The XRD patterns of the heat-treated microstructures at 800,
900, and 1000 °C for 15 min are shown in Fig. 6. Detailed ex-
amination demonstrates that increasing the peak intensity of
the FCC phase at higher temperature (and increasing the
fraction of B, phases) is accompanied with reduction of the
BCC disorder phase fraction. This implies a complex
elemental partitioning between FCC, BCC and ordered B,
phase during annealing treatments.

Thermodynamic calculations were used to unveil the
phases' thermal stability and calculate their corresponding
Gibbs free energy. These results are exhibited in Fig. 7. The
fraction of the FCC phase decreases with the decrease of
temperature from the melting point, similar to the observed
trends through experimental analysis. However, the FCC to
BCC proportion from the thermodynamic point of view
(Fig. 7(a)) (68/32) is completely different from the proportion
characterized from microstructure analysis and X-ray
diffraction in Fig. 2(c) and (d) (80/20). Considering the fact that
the thermodynamic calculations is based on the equilibrium
condition, and the aforementioned diffusional based mecha-
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Fig. 4 — Variation of fraction of NS phases as a function of
soaking time at different annealing temperatures.

nism is time dependent, the observed deviation seems to be
reasonable. Also, the chemical potential energy of Al and Ni
were plotted vs. temperature to interpret and predict the
observed phase transformation in Fig. 7(c) and (d). Forasmuch
as solid-state diffusion and elemental partitioning are trig-
gered by a higher chemical potential energy to lower chemical
potential energy and considering the fact that the chemical
potential of Ni and Al in the FCC phase is higher than the or-
dered B, phase, the Al and Ni were clustered and formed the
ordered B, precipitates (that enriched in Al and Ni) in the
dendritic FCC regions.

Every boundary of the dendritic area acts as a surface
defectincreasing the energy of the dendrites [26]. Accordingly,
the lesser surface-to-volume (S/V) ratio, a significant reduc-
tion in the energy level occurs. In the present study, raising
the volume fraction of the dendritic regions by increasing the
soaking time up to 45 min led to a considerable decrement in
the S/V ratio, which resulted in more stability of the micro-
structure. Additionally, many researchers have proved that
the curvature of these regions is another parameter that af-
fects the area of the boundaries and therefore, the magnitude
of surface energy; as the mean curvature increases, the sur-
face energy reduces, which in turn triggers the spontaneous
necking and fragmentation of the dendritic arms, which is
known as Gibbs—Thomson effect [27—29]. This is considered
the reason for the observed dendrite fragmentation in the
present case (Fig. 8). Figure 7(b) which conveys that the Gibbs
free energy of the FCC phase is significantly higher than that
of the B, phase. Additionally, the fraction of FCC phase is
remarkably higher than its equilibrium value, and the FCC
phase is highly unstable. Considering all the above, the for-
mation of B, NS phase can be attributed to the high driving
force of the FCC to BCC transformation.

Figure 9 shows the Vickers hardness plots of the heat-
treated samples, with focus on the effect of annealing tem-
perature and soaking time on the resulting mechanical prop-
erties. According to the obtained data, increase of the heat
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Fig. 5 — SEM micrographs and EDS point analysis results of the heat-treated microstructures at (a) 800, (c) 900, and (e) 1000 °C
for 15 min; Blue, red, and green represent the FCC, BCC, and NS phase, respectively. (b), (d), (e) are the corresponding SEM
close-ups of the NS phase at 800, 900, 1000 °C for 15 min respectively.
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Fig. 6 — XRD patterns of the heat-treated microstructures at
800, 900, and 1000 °C for 15 min.

treatment time maximizes the hardness up to a peak of ~300
HV, followed by a gradually decreasing trend. It is generally
accepted that coarsening of the precipitates make it harder for
dislocations to move through the boundaries which in turn
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make the material harder [31]. Additionally, decreasing the
frequency of the presence of precipitates reduce the probability
of dislocation—precipitate interactions, which lead to lower
hardness of the material [32]. As demonstrated in Fig. 3, the NS
phases become more frequent in number up to 45 min in both
800 and 900 °C. Accordingly, the initial increment in the
hardness-soaking time plot can be attributed to a considerable
rise in the population of these precipitates in the FCC dendrite
phases. Therefore, regarding the higher hardness of B, pre-
cipitates than the FCC matrix [30], the increment of the hard-
ness value with increasing soaking time and annealing
temperature, and acceleration of the formation of the B, NS
phases in the higher time and temperatures, clearly demon-
strate that the hardness values of the heat-treated specimens
have a direct relationship with the aforementioned B, NS
phase. Furthermore, it can be realized that adding more 15 min
to the holding time at 800 and 900 °C stimulate the growth of
these precipitates with lower quantity which in turn reduces
the probability of dislocation—precipitate interactions and
therefore lowers the magnitude of the material hardness.
Comparing the micrographs of the samples obtained at 1000 °C
with 800 and 900 °C (Fig. 3) it can be perceived that the coars-
ening procedure of the precipitates at 1000 °C triggers more
rapidly than at lower temperature as a result of higher
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calculated using ThermoCalc™ software.
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Fig. 8 — (a—d) Illustration of the sequence of the observed Gibbs—Thomson effect.
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Fig. 9 — Average Vickers hardness of the heat-treated
microstructures as a function of the applied temperature
and soaking time.

diffusion rate in higher temperatures, which is also confirmed
by the SEMimages in Fig. 4. To this regard, the observed peakin
the hardness-soaking time plot transfers into the lower times
at higher temperatures.

4, Conclusions

In the current study, the effect of short-time heat treatments
on the microstructural and hardness of AlCoCrFeNi,, EHEA
were investigated. The main findings can be summarized as
follows:

e The primary FCC dendritic regions were found to be un-
stable in the course of short-time annealing at high tem-
peratures, therefore the B, needle shape phase was formed
within the unstable dendritic regions owing to the
elemental partitioning.

The Gibbs free energy of FCC phase was significantly higher
than that of the B, phase. The FCC phase fraction was also
higher rather than its equilibrium content. These stimu-
lated the FCC to BCC transformation with increasing
annealing temperature and soaking time.

At the early stages of annealing the hardness increased as a
function of soaking time, which was attributed to the for-
mation of B, needle shaped precipitates and subsequent
increase of their fraction. Further holding at high temper-
ature led to coarsening of precipitates and decreased their
frequency, which caused a gradual decrement in the
hardening magnitude.
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