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and Annealing Treatments

Armin Ghaderi, Hossein Moghanni, and Kamran Dehghani

The present study investigated the microstructure and mechanical properties of as-cast, homogenized, cold-
rolled, and annealed AlysCoCrFeNi high-entropy alloy. The microstructure is characterized by optical
microscopy, XRD, and scanning electron microscopy (SEM) equipped with energy-dispersive x-ray spec-
troscopy (EDS). Besides, hardness is acquired by Vickers hardness testing, and tensile testing is performed
at room temperature for all samples. Results indicate that the matrix and droplet-shaped phases are present
in all states. However, the needle-shaped and wall-shaped phases present after homogenization. In all
samples, the matrix consists primarily of Fe, Cr, Co, and Ni, while droplet-shaped phases comprise mainly
Al-Ni. Moreover, needle-shaped phases are replete with Cr, Ni, Co, Al, and Fe, whereas wall-shaped phases
are rich in Cr, Co, and Fe and depleted in Al-Ni. The hardness of the AlysCoCrFeNi HEA increases after
homogenizing and culminates at cold-rolled to 425 H, due to the emerging of the needle and wall-shaped
phases and consequently lattice distortion. The yield strength (YS), the ultimate tensile strength (UTS), and
the ductility (¢ of the cold-rolled specimen are about 545 MPa, 834 MPa, and 26%, respectively. The
noticeable improvement in hardness and strength in cold-rolled condition demonstrates a remarkable

work-hardening effect without sacrificing much ductility.

Keywords AlysCoCrFeNi, cold-rolling, heat treatment,
high-entropy alloys, microstructure and mechanical

properties

1. Introduction

Over the years, several functional alloy systems have been
developed for various designing and modern applications. A
significant number of these alloys depend on a couple of
prevailing elements, namely ferrous alloys, intermetallic alloys
(Ref 1, 2), and bulk metallic glass alloys (Ref 3-5), to name but
a few. Besides, it is well known that the fabrication and joining
of alloys for different engineering components such as turbines,
engines, and exhaust systems have become a problem due to
produced heat attributed to friction or mechanical deformation
and hot working conditions. (Ref 6-8). With this in mind, in
order to fulfill these requirements, high-entropy alloys (HEAs),
enjoying at least four elements in equiatomic or near-
equiatomic composition with a single-phase solid solution
structure, were introduced in 2004 (Ref 9, 10). HEAs have been
regarded as a possible replacement for high-temperature
applications (Ref 11, 12). As far as strength, elongation, impact
toughness, and corrosion resistance are concerned, HEAs
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provide similar or better properties than commercial materials
at room and low temperature (Ref 13-16). Compared to
traditional engineering alloys, HEAs have a wide-range-tem-
perature application because they afford massive composition
space for developing novel alloy families. They are more likely
to be refrained from the strength and ductility trade-off by
composition design and fabrication processes (Ref 17, 18). The
mechanical properties of HEAs have been improving by all
sorts of processes, namely alloying, heat treatment, and
emerging nanoscale precipitations (Ref 19-23). For example,
lattice distortion in refractory HEAs such as NbTaTiVZr
enhanced the yield strength significantly (Ref 24), or additives
like C and Al could lead to the occurrence of the serrated flows
phenomenon, which affects the deformation behavior of HEA
(Ref 25). Among the aforementioned enhancing processes of
mechanical properties, cold-rolling integrated with subsequent
annealing is a conventional way to increase and tune the
mechanical properties of all materials, including HEA. As-cast
alloys tend to be inappropriate for studying mechanical
properties due to quite a few reasons, among which coarse
microstructure and cast defects, which would develop into
cracks, are of more significance. Therefore, before conducting
the research, researchers usually remove cast defects and adjust
microstructure by cold-rolling and/or heat treatment. P.P.
Bhattacharjee et al. (Ref 26) used CoCrFeMnNi HEAs, which
were homogenized, cold-rolled by 50%, and annealed for the
subsequent experiment. A completely recrystallized CoCr-
FeMnNi HEAs with diverse grain sizes were successfully
achieved by Sun et al. (Ref 27). As the research object, Ma
et al. (Ref 28) and Tong Guo et al. (Ref 29) utilized
homogenized, cold-rolled, and annealed AlysCoCrFeNi, Al s
CoCrFeNi, respectively. In general, the HEAs which are FCC
are soft and ductile (Ref 30, 31), while the HEAs which are
BCC are hard and brittle (Ref 31, 32). Among studied HEAs,
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the AlCoCrCuFeNi is an interesting system which has a wide
range of microstructures and properties (Ref 33), and the effects
of additive elements on microstructure and properties at room
or elevated temperature have been thoroughly investigated (Ref
33, 34). Aly sCoCrFeNi HEA with favorable properties such as
high work hardening (Ref 29), elevated temperature streng-
th(Ref 35), as well as high corrosion and oxidation resistance
(Ref 36, 37) were investigated to elucidate the phenomena
exhibited in high-entropy alloys. AlysCoCrFeNi HEA enjoys
both ductility and strength due to its peculiar attributes.
Therefore, the AlysCoCrFeNi HEA has been extensively
studied thanks to its outstanding properties and the fantastic
prospect of application. While cold-rolling integrated with
subsequent annealing plays a key role in adjusting microstruc-
tures and improving mechanical properties (Ref 38, 39), a
detailed study of the influence of cold-rolling coupled with
subsequent annealing on HEAs is still absent. Also, the
Al sCoCrFeNi HEA has not been thoroughly studied simul-
taneously in four different conditions. Therefore, having
undergone four different states, the AlysCoCrFeNi HEA was
scrutinized to understand the associated changes in the
microstructure and the mechanical properties. The primary
novelties and objectives of this study may be summarized as:

e Inspecting the effects of four different states on the
microstructure of the Aly sCoCrFeNi HEA

e Evaluating mechanical properties of AlysCoCrFeNi HEA
in four conditions

2. Materials and Methods

In this work, HEA ingots weighing about 300 g with
dimensions of 12 mm(t) x 25 mm (w) x 140 mm (1) and using
pure metals( higher than 99.5 wt.%) were fabricated via
vacuum arc remelting (VAR) technique supplied by ALD
Vacuum Technologies GmbH under a 4 x 10~ torr vacuum.
All ingots were remelted at least five times so as to enhance the
homogeneity of ingots. Also, to make up for the evaporation of
Al due to its relatively high vapor pressure, an additional Al (10
wt. %) was applied to each ingot. In an argon atmosphere, the
as-cast ingots were homogenized at 1100 °C for 24 h to
increase the homogeneity of alloying elements, followed by
furnace cooling. Afterward, samples cold-rolled by 60 % in
reduction, and subsequent annealing at 1100 © C for 1 h,
followed by air-cooling. Table 1 shows the chemical compo-
sition of the studied alloy using a Philips X Unique II XRF
machine, close to the nominal composition of Al sCoCrFeNi,
and Fig. 1 summarizes thermomechanical processes used to
prepare specimens. All samples were ground to 1500 grit
silicon carbide papers and then mechanically polished as well
as etched with Kalling’s reagent (100 mL C,HsOH, 5 g CuCl,,
100 mL HCI). The microstructure was examined by optical

Table 1 The chemical composition of examined alloys

Element Al Co Cr Fe Ni

At.% 11.21 22.19 22.24 22.23 22.13
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microscopy, XRD, and scanning electron microscopy (SEM)
equipped with energy-dispersive X-ray spectroscopy (EDS) to
analyze the chemical composition. The crystalline structure of
samples was identified by a Rigaku Ultima IV x-ray diffrac-
tometer with Cuyg, radiation and a graphite monochromator at
40 kV and 40 mA in the 260 range of 20° to 120°, with a step
size of 0.02° and a scan step time of 1 s. Also, quantitative
analysis of XRD was carried out through X’Pert HighScore
Plus software. A Vickers hardness tester measured the hardness
of investigated alloy with a load of 30 kg and a holding time of
15 s before unloading, according to ASTM E92. The average
hardness for each sample was determined from at least five
measurements. Shimadzu AG-25TC tensile was employed at an
engineering strain rate of 10~ s™" to assess the tensile properties
of specimens in different conditions (Ref 40). Tensile mea-
surements were carried out using flat dog-bone-shaped tensile
samples with a gauge length of 6.9 mm and thickness of 1 mm,
prepared by electrodischarge machining according to JIS
72201 and shown in Fig. 2 (Ref 41). Having used different
samples from each condition, we tested the repeatability of
experimental findings.

3. Results and Discussion

3.1 X-ray Diffraction of AlysCoCrFeNi Alloy

Figure 3 shows the XRD pattern of Al sCoCrFeNi alloy in
four states: As-cast, homogenized, rolled, and annealed. All
samples possess a combination of FCC and BCC crystalline
forms, whereas FCC is dendritic and BCC is interdendritic. The
results indicate that Aly sCoCrFeNi alloy in As-cast condition is
primarily a FCC solid solution, whereas Al sCoCrFeNi alloy
in other states-cold-rolled, homogenized, and annealed- are
FCC + BCC solid solution. From the major peaks, the lattice
parameter of the FCC and BCC solid solutions are determined
to be 0.3590 and 0.2874 nm, respectively. It can be seen from
Fig. 3 that one of the primary peak intensities of the FCC,
positioned in 20 = 50.8 degree, declines significantly due to
homogenization, cold rolling, and annealing treatments. On the
other hand, due to the very treatments, the peak intensities of
the BCC, especially that positioned in 20 = 44.5 degrees,
remarkably increase. For example, in the annealing state, the
intensity of the FCC phase peaks decrease. In contrast, the
intensity of the BCC phase peaks increases, indicating that a
phase transformation has taken place because of the heat
treatment. As a result, it is concluded that annealing treatment
causes the as-cast AlysCoCrFeNi alloy to eventually convert
from a steady FCC structure to a BCC structure.

3.2 Microstructural Evolutions

Figures 4 and 5 show the as-cast, homogenized, cold-rolled,
and annealed microstructures of studied alloy. Optical micro-
graphs (Fig. 4) displayed a completely dendritic structure in all
states, although the dendrite size was slightly different in the
thickness in all states. Figure 4 shows that the interdendritic
regions in as-cast and homogenized states are thicker than those
in cold-rolled and annealed conditions. From microscopy
observations, it is also found that the interdendritic phase
emerges in a different shape: droplet shape (DSP; in every
state), wall-shaped (WSP; in all samples except for as-cast
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Fig. 3 XRD pattern of alloy AlysCoCrFeNi in four different
conditions

sample), and needle-shaped (NSP; in all specimens with
different shape except for as-cast sample).

From both microscopy and SEM observations, it is crystal
clear that all samples contain the dominant dendrites and a
relatively moderate amount of interdendritic regions. However,
the amount of interdendritic regions in the as-cast sample is
relatively small, analogous to previous research (Ref 42). In
addition, by using a higher-magnification backscattered elec-
tron microscopy, Fig. 4(b) indicates a eutectic morphology in
the interdendritic regions (Ref 43). Furthermore, after the as-
cast state, the WSP and NSP phases start to burgeon inside the
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Time
specimens

interdendritic regions and dendrite, respectively. According to
Figs. 4 and 5, the significant differences between all samples
are about the shape of the dendrite and interdendritic regions. In
this regard, the dendritic grains are elongated along the rolling
direction after cold-rolled, and the NSP phase becomes smaller
and sphere-like in shape after the annealing process.

3.3 EDS Analysis

Lower melting point elements (such as Al) and eutectics tend
to be segregated during liquid metal solidification and heat
treatment processes. Such elemental segregation may affect
mechanical, oxidation, and corrosion properties (Ref37,44). Itis
also essential to understand the amount of each element in the
aforementioned regions. Elemental distribution map and chem-
ical compositions of different phases of Aly sCoCrFeNi alloy in
four different states are applied and shown in Table 2 and Fig. 6.
The results in all specimens indicate that the matrix consists
primarily of Fe, Cr, Co, and Ni, while DSP comprises mainly Al-
Ni. Moreover, NSP phases, which commence burgeoning after
as-cast state in the matrix, are replete with Cr, Ni, Co, Al, and Fe,
whereas WSP phases are rich in Cr, Co, and Fe and depleted in
Al-Ni. (It is clearly shown in Fig. 6b, c.) The phase segregation
effect happens due to the more negative mixing enthalpy of Al
with other elements compared to mixing enthalpy of other atom
pairs of five main elements in the system alloy (Ref 36). This
effect causes different phases with different shapes and compo-
sitions. In general, during heat treatment (homogenization and
annealing), the segregation of phases rich in Al-Ni and Al-(Fe,
Co, Ni, Cr) is inevitable due to the aforementioned negative
mixing enthalpy (Ref 45). The formation of WSPs is probably
attributed to the cooling of every element to ambient temperature,
giving rise to a metastable structure. However, the formation of
NSPs is ascribed to the higher negative enthalpy of the phase
replete with Al-Ni as well as the Al-(Ni, Cr, Co, Fe) phases
compared with other sets of the five primary alloying elements
(Ref 36, 46). Therefore, both Table 2 and Fig. 6 suggest that the
amount of Al plays a key role in the formation and stabilization of
phases, especially a BCC solid solution structure, which is
analogous to previous studies (Ref 33, 42, 47, 48).

3.4 Mechanical Properties

3.4.1 Hardness of AlysCoCrFeNi Alloy in Different
States. The hardness test was conducted in different regions
of the four different samples, and the results are presented in
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Fig. 4 Optical micrographs, related to the microstructure of AlysCoCrFeNi alloy: (a) as-cast, (b) homogenized at 1100 °C for 24 h, (c) cold-

rolled by 60%, (d) annealed at 1100 °C for 1 h

Fig. 7. Results show that the hardness increases from about 155
to 230 Hy in homogenized condition. This increase might be
attributed to the emergence of needle and wall-shaped phases,
or it may be ascribed to lattice distortion, occurring due to the
transformation of a stable FCC structure to the BCC structure.
Also, these NSPs are generally acting as the second precipi-
tation phase, and their density firmly affects the hardening
process (Ref 36). Concerning the cold-rolled sample, grains are
elongated in the direction of the rolling, and severe plastic
deformation appears due to the 60% reduction in thickness,
resulting in a sharp increase in hardness and peaking at about
425 Hy. This increase indicates a compelling work hardening
occurs through cold-rolling, consistent with previous studies
(Ref 29). In the annealing condition, the hardness decreases to
about 250 Hy, attributing to the sparse distribution and
spheroidization of the needle-shaped phase.

3.4.2 Tensile Strength of AlysCoCrFeNi Alloy in Differ-
ent States. Figure 8 shows comparison of the engineering
tensile curves of Aly sCoCrFeNi HEAs at as-cast, homogenized,
cold-rolled, and annealed conditions, and results are summarized
in Table 3. The yield strength (YS), the ultimate tensile strength
(UTS), and the ductility (&) of the as-cast are about 294 MPa, 367
MPa, and 23%, respectively. In homogenized condition, the YS,
UTS, and &; increase to 319 MPa, 468 MPa, and 30%,

7820—Volume 30(10) October 2021

respectively. This increase can be attributed to the emerging of
the wall-shaped and needle-shaped phase (shown in Figs. 4b and
5¢), which increases the BCC phase structure according to Fig. 3,
leading to lattice distortion. The cold-rolled specimen indicates
both the high yield and ultimate tensile strength of 545 and 834
MPa, respectively. Nonetheless, the ductility does not show
much decline and reaches 26%. This increase in strength without
sacrificing too much plasticity might be attributed to the nano-
sized B2 phase in the interdendritic region and precipitates in the
dendritic region (Ref 22). However, the noticeable improvement
in hardness and strength in cold-rolled condition demonstrates
the effect of work hardening, reported in Al sCoCrFeNi and
other HEAs (Ref 29, 49, 50). This phenomenon’s key reason is
activities related to dislocations, among which the density of
dislocation aggregation and the creation of dislocation networks
are of more consideration through the cold rolling procedure. It is
well known that cold-rolling leads to the reduction of thickness
and, consequently, causes dislocation proliferation, and then
dislocations’ interactions increase the resistance to dislocation
motion in the progression of deformation. Therefore, the increase
in the strength is mainly related to the density of dislocation and
defined as the following equation (Ref 29):

T = 19+ aGby/p (Eq 1)

Journal of Materials Engineering and Performance
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Table 2 EDS results of phases in four different where p is the dislocation density, b is the Burgers vector, G is

conditions the shear modulus, o is a constant between 0.3 and 0.6, T, is the
Al Ni Co Cr TFe primary stress required to active a dislocation when other

No  Spceimen name  Phase Unit, at.% dislocations are not present, and t is the flow stress. The cold-
rolled Aly sCoCrFeNi alloy seems to be influenced by the high

1 As-cast Matrix 11 22 22 23 22 density of dislocation, leading to a superior strength (Ref 51).
DSP 25 32 19 12 12 However, the deformation twinning in other HEAs such as

WSP CoCrFeMnNi alloy is one factor for increasing the rate of work

NSP hardening and the ultimate tensile strength (Ref 15, 52). By the

2 Homogenized ~ Matrix 10 23 23 22 22 same token, the twining might be produced through the
DSP 2638 17 7 12 Aly sCoCrFeNi alloy’s deformation procedure and give rise to

WSP 151821 25 24 superior hardness and strength (Ref 29). As discussed before,

NSP 19l 200192 A, sCoCrFeNi alloy i led condition showed significant

3 Cold-rolled Matix 9 23 24 22 22 0.5 Yy 0 annealed condition showed signiican
DSP 27 38 17 7 1 grains refinement compared to other conditions. Thus, this

WSP 15 16 21 2% 25 capacity of AlysCoCrFeNi alloy and other HEAs could be

NSP 19 21 19 20 21 exploited to adjust the microstructure and expand structural

4 Annealed Matrix 10 24 23 21 22 material with better mechanical properties by cold-rolling
DSP 25 35 16 10 14 combined with subsequent annealing. With this in mind, the

WSP le 18 25 20 21 annealed sample shows high strength and ductility simultane-

NSP 14 21 23 19 23 ously (shown in Fig. 8 and Table 3). The decrease in strength

and increase in ductility can be attributed to eradicating lattice
distortion and strain, as well as declining dislocation densities
(Ref 29).
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Fig. 7 The hardness of Aly sCoCrFeNi alloy in different conditions

3.5 Fractography of Fractured Samples

Figure 9 shows the typical fracture surfaces of the as-cast,
homogenized, cold-rolled, and annealed sample after tensile
testing. A typical dimple feature is observed in all specimens,
indicating that specimens underwent considerable plastic
deformation and failed in a ductile fracture mode. No trace of
brittle fracture is detected on all the surfaces. As-cast sample
contains large but shallow dimples, matching the moderate

7822—Volume 30(10) October 2021

1000

—— As-Cast
Homogenized
Cold-rolled
800 | Annealed
=
g 600 |
w
g
&
2 400 |
b
=
=
200
0 L 1 n 1 n 1 n 1 " 1 n 1 2 1 L 1 n 1

0 5 10 15 20 25 30 35 40 45 50
Eng. Strain (%)

Fig. 8 Engineering tensile curves of AlysCoCrFeNi HEA in
different conditions

elongation, while homogenized and annealed specimen show
large and deep dimples, signifying the substantial elongation.
However, the cold-rolled sample enjoys fine dimples, and a
high density of fine dimples is observed.

This work corroborates the superior mechanical properties
of AlysCoCrFeNi alloy through cold-rolling and subsequent
annealing. The findings provide a clear idea for the production

Journal of Materials Engineering and Performance



Table 3 Mechanical characteristics of Al,sCoCrFeNi HEA in different conditions

No Specimen name YS, MPa UTS, MPa & % Hardness, H,
1 As-cast 294 £ 9 367 £ 12 23 155 £ 20
2 Homogenized 319 £ 10 468 + 11 30 230 + 12
3 Cold-rolled 545 £ 16 834 + 13 26 425 +£ 15
4 Annealed 432 + 14 569 + 9 28 250 £ 10

Fig. 9 SEM fractography of samples: (a) as-cast, (b) homogenized, (c) cold-rolled, (d) annealed

of HEAs. Having considered all aforementioned results and
discussion and the peculiar feature of multi principal compo-
nents, researchers can optimize HEAs to achieve the toughen-
ing alloys.

4. Conclusions

In this work, the Aly sCoCrFeNi HEA regarding microstruc-
ture and mechanical properties is successfully investigated in
four different conditions: as-cast, homogenization, cold-rolling,
and annealing. The key findings can be described as follows:

e The AlysCoCrFeNi HEA in all conditions except for as-
cast condition comprises four phases: matrix, droplet-

Journal of Materials Engineering and Performance

shaped, needle-shaped, and wall-shaped. The as-cast sam-
ple only consists of matrix and droplet-shaped phases.

In all specimens, the matrix contains mostly Fe, Cr, Co,
and Ni, whereas droplet-shaped phases consist mainly Al-
Ni. Furthermore, needle-shaped phases are rich in Cr, Ni,
Co, Al, and Fe, while wall-shaped phases are rich in Cr,
Co, and Fe and depleted in Al-Ni.

The AlysCoCrFeNi HEA enjoys brilliant cold workability
and can be rolled to 60% thickness reduction at room
temperature without any signs of failure. The yield
strength (YS), the ultimate tensile strength (UTS), the duc-
tility (eg), and the hardness of the cold-rolled sample are
about 545 MPa, 834 MPa, 26%, 425 H,, respectively, sig-
nifying compelling work-hardening effect compared to
other samples.
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Quite a few reasons attribute to the hardening of cold-roll-
ing Al sCoCrFeNi HEA, namely the interaction of dislo-
cations, twins through deformation, and lattice distortion.
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