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In this study, the microstructural evolutions, formed phases, micro- and macro-hardness changes
and shear properties were evaluated in the as-cast, homogenized, cold-rolled and annealed
AlCoCrFeNiz eutectic high-entropy alloy (EHEA). These studies were carried out using X-ray
fluorescence (XRF), scanning electron microscopy (SEM), Rockwell C and Vickers hardness
testing as well as shear punch testing (SPT). The microstructure after cold rolling followed by
annealing was consisted of an elongated phases/grains in the direction of cold rolling and in
almost equiaxed phases/grains. The homogenized specimen has the minimum amounts of
hardness and yield/ultimate shear strength. Due to the presence of both elongated and equiaxed
structures in the cold-rolled and annealed sample, the hardness and yield/ultimate shear strength
of this specimen is between that of as-cast and homogenized cases.
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1. Introduction

High-entropy alloys (HEAs) are multi-component
systems composed of at least five main elements. These
alloys offer extraordinary physical and mechanical
properties such as high strength, corrosion resistance,
abrasion resistance, and fatigue strength [1-4]. Single
phase HEAs with FCC and BCC structures, have good
ductility and high strength, respectively; therefore,
achieving an optimum combination of strength and
ductility in single phase HEAs is very difficult [5-9].
AlICoCrFeNiy is a eutectic high-entropy alloy (EHEA)
with lamellar structure containing a combination of hard
phase BCC and soft phase FCC providing both ductility
and strength simultaneously [10-13].
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Wani et al. [14] investigated the possibility of
microstructural refinement and improvement of
mechanical properties by severe cold-rolling in
AlCoCrFeNiy | lamellar high-entropy alloy. They found
that severe cold-rolling and annealing can extremely
improve the mechanical properties of AlCoCrFeNiy
EHEA. Lozinko et al. [15] studied microstructural
changes and mechanical properties during annealing at
800°C in a 90% cold-rolled AlCoCrFeNiz1 eutectic
high-entropy alloy. They reported that the work-
hardening capacity of each annealed sample is lower
than that of the cold-rolled specimen.

In this study, after homogenization, cold rolling and
high-entropy  alloy

subsequent  annealing  in

AlCoCrFeNiyi, the effects of each process were
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evaluated on microstructural evolutions, hardness

changes and shear properties of the alloy AICoCrFeNi, ;.

2. Materials and Methods

The AlCoCrFeNi,; high-entropy alloy, was
produced using vacuum arc remelting (VAR) furnace.
The ingots (8 cmx3 cmx1.1 cm) were re-melted four
times and then homogenized at 1100°C for 24 h to
increase the homogeneity of alloying elements [16]. The
chemical composition of the homogenized structure was
measured through a Philips X Unique II XRF machine

and the results are provided in Table 1.

Table 1. Chemical composition of the studied alloy (wt.%)
Alloy Al Co Cr Fe Ni
AlCoCrFeNi»; 8.1 185 167 179 38.6

Homogenized specimens were then cut into 6 parts.
The dimensions of each part/sample were 8§ cmx3
cmx0.18 cm. Subsequently, the homogenized samples
were subjected to annealing in the Muffle furnace at
950°C for 4 h after cold rolling with approximately a
17% reduction in thickness [17]. The cold rolling

schedule is shown in Table 2.

Table 2. Cold rolling schedule

S Initial Final Reduction in
thickness thickness thickness
Y m) (um) (%)
1 1.8 1.725 4.16
2 1.725 1.65 4.34
3 1.65 1.575 4.54
4 1.575 1.5 4.76

The hardness of samples was measured by a Vickers
hardness tester (Shimadzu brand, series M) with the load
of 100 g and holding duration 10 s. Besides, macro-
hardness of samples was measured by a Rockwell
hardness tester in Rockwell C (HRC); The average of
hardness was calculated from four measurements per
each sample.

The shear properties of the samples were determined

through conventional shear punch testing (SPT) using a
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flat punch with a 3 mm diameter by a universal Santam
STMS50 test machine at room temperature. In Fig. 1, the
SPT apparatus and its schematic is demonstrated. The
thickness of the samples was 0.4 mm. The test was
performed at a constant crosshead speed of 0.3 mm/min
[17, 18]. The stress-elongation curves were plotted using
the recorded machine force-displacement data by

utilizing the following equation [19]:

(M

T =
2nrt

where 7 = shear stress, P = load, ¢ = thickness of the

specimen, and = average of punch and lower die radius.

3. Results and Discussion

3.1. Microstructural evolutions
SEM micrograph of Fig. 2 represents the eutectic

structure of as-cast AICoCrFeNi, ; alloy, consisting of a
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Fig. 1. (a) Schematic of the SPT; (b) SPT apparatus.
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Fig. 2. SEM micrograph of the as-cast specimen with eutectic
structure, consisting of L12 (FCC) phase and B2 (BCC) phase.

FCC/L1, phase and the BCC/B; phase. In B, phase,

some white Cr-rich precipitates are visible. These
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findings are reported based on the studies of Asoushe et
al. [5], Gao et al. [20] and Wani et al. [21]. Figs. 3 and 4
show the EDS results of points “A” and “B” marked in
Fig. 2, respectively. According to the EDS results, point
“A” represents the NiAl-rich B, phase and point B
belongs to the Cr-rich L1, phase.

According to Fig. 5 that indicated the microstructure
of homogenized samples, the percentage of L1, phase
has enhanced compared to the as-cast alloy. This is likely
due to the diffusion of elements and dissolution of
precipitates at high temperatures.

In the cold-rolled and annealed specimens, in some
regions, the formed phases are elongated in the
direction of the cold rolling; whereas in the other regions,

the structure consists of equiaxed phases/grains (Fig. 6).

243K Ni Element Weight % Atomic %
2.16K AlK 11.37 21.33
1.62K
Fe K 16.93 15.34
1.35K
Gt 39.10 33.70
0.54K
0.27K
0.00K
0.0 17 34 51 6.8 85 10.2 119 136 153
Lsec: 15.0 0 Cnts 0.000 keV Det: Element-C2B Det
Fig. 3. EDS results of point “A” in Fig. 2.

Cr . .
3.78K Element Weight % Atomic %
3.36K AlK 3.53 7.10
2.94K

- Cek mm oz

2.52K | Ni
210K Fe K 22.45 21.84
1.26K

Ni K 29.49 27.29
0.84K
0.42K
0.00K

0.0 17 34 51 6.8 85 10.2 119 136 153
Lsec: 15.0 0 Cnts 0.000 keV Det: Element-C2B Det
Fig. 4. EDS results of point “B” in Fig. 2.
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Fig. 6. SEM micrograph of cold-rolled and annealed
specimen.

This shows that recrystallization has happened during
the annealing. With the growth of recrystallized grains,
a part of energy stored during cold rolling has been
released due to annealing; but the specimen has not been
fully annealed and partial annealing took place in this
case. Hence, the equiaxed phases/grains are visible next
to the elongated phases/grains formed due to cold work
[14,22,23].

3.2. Hardness

According to Table 3, the minimum amount of
hardness belongs to the homogenized sample and the
hardness of the cold-rolled followed by anneal
specimens is between those of as-cast and homogenized
specimens. The lower amount of hardness in the
homogenized specimen is due to the increase in the

percentage of L1, soft phase during the homogenization.
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Table 3. Micro- and macro-hardness of as-cast,
homogenized, cold-rolled and annealed samples

Micro-hardness Macro-hardness

Sample
(HV) (HRC)
As-cast 375+7 37+1
Homogenized 243+5 23+1
Cold-rolled and
318+6 33+1
annealed

Due to the presence of both elongated and equiaxed
structures in the cold-rolled and annealed samples, the
hardness of this specimen is between the hardness of as-

cast and homogenized cases.

3.3. Shear properties

Fig. 7 shows the SPT curves for the as cast,
homogenized, cold-rolled and annealed specimens in
which the shear stress versus normalized displacement is
plotted. According to Fig. 7 and Table 4, the minimum
amount of both yield and ultimate shear strength belongs
to the homogenized specimen because of its exposure to
high temperatures for a long period and the subsequent
growth of FCC phases. The yield and ultimate shear
strength of the cold-rolled and annealed specimen is
between those of as-cast and homogenized specimens
due to the presence of a mixture of elongated and
equiaxed phases/grains next to each other. The higher
strength of the as-cast specimen compared to that of the
homogenized and cold-rolled followed by annealing

specimens is due to the residual stresses of the casting

As cast
Cold rolled and annealed
Homogenized

400

300

200

Shear stress (MPa)

100

0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Nommalized displacement

Fig. 7. Shear punch testing curves of as-cast, homogenized,
cold-rolled and annealed specimens.
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Table 4. Shear properties of as-cast, homogenized, cold-
rolled and annealed specimens

Yield stress Ultimate shear

Sample
(MPa) stress (MPa)
As-cast 282+9 311+10
Homogenized 226+7 248+8
Cold-rolled and
255+8 304+9
annealed

process, the presence of Cr-rich precipitates and the

lower percentage of phase L15 in its microstructure.

4. Conclusion

e The as-cast AlICoCrFeNi, ; high-entropy alloy has a
eutectic lamellar structure containing FCC/L1,
phase and the BCC/B; phase. In the homogenized
specimens, the percentage of L1, phase is higher
than that of the as-cast case.

e The cold-rolled and annealed structure consists of a
combination of elongated and equiaxed
phases/grains.

e The homogenized specimen has the minimum
amounts of hardness and yields/ultimate shear
strength. This can be due to the grain growth as well
as the formation of LI, phases during
homogenization.

e The highest yield/ultimate shear strength and
hardness belong to the as-cast specimen due to the
residual stresses of the casting process, the presence
of Cr-rich precipitates and the lower percentage of
phase L1, in its microstructure.

e The hardness and yield/ultimate shear strength of
the cold-rolled and annealed samples is between that
of as-cast and homogenized specimens due to the
presence of a mixture of elongated phases/grains

along with the almost equiaxed phases/grains.
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