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In this study, a new composition of HEA ((FesoMn3¢0Co0,9Crio)91Aly, at.%) was designed, and the
microstructure evolution and tensile behavior of hot-rolled (FesoMn3¢Co0,¢Cryg)o1Aly (at.%) high-entropy
alloy (HEA) were investigated after annealing at various temperatures. The HEA exhibited a three-phase
structure of the FCC phase, BCC phase, and a small amount of HCP phase after hot rolling and annealing.
Annealing at lower temperatures led to a higher fraction of BCC phase and sub-crystalline grains in the
recovery state, making the HEA have high strength. After annealing at high temperatures, the fraction of
FCC phase increased. The fraction of recrystallized grains and twin boundaries in the HEA also increased,
improving the ductility of the HEA. The HEA exhibited a multistage strain-hardening mechanism during
deformation, which was rarely seen in traditional HEAs. The relationship between the microstructure and
mechanical properties was discussed from the lattice frictional stress, solid solution strengthening, phase

fractions, grain sizes, and dislocation.

Keywords annealing, high-entropy alloy, microstructure, tensile
behavior

1. Introduction

The emergence of high-entropy alloys (HEAs) has broken
traditional alloy design ideas and provided a new direction for
developing metal materials (Ref 1-4). Because of their high
mixing entropy, high-entropy alloys tend to form disordered
solid solution structures, such as face-centered cubic (FCC)
(Ref 5), body-centered cubic (BCC) (Ref 6), and hexagonal
close-packed (HCP) (Ref 7) structures. Early research focused
on HEAs with single-phase structures, such as CoCrFeMnNi
(Ref 4) high-entropy alloys with single-phase FCC structures
and CoCrFeNiAl (Ref 8) high-entropy alloys with single-phase
BCC structures. These single-phase alloys exhibit superior
performance in terms of strength or ductility but cannot achieve
a trade-off between strength and ductility (Ref 9). To overcome
the deficiency of strength or ductility of high-entropy alloys
with single-phase structures, HEAs composed of FCC and BCC
phases have been developed to improve their performance. (Ref
10-12). To date, many dual-phase high-entropy alloys have
been developed, and Al-containing dual-phase high-entropy
alloys are the most studied. Al is one of the most common
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components in high-entropy alloys, and adding Al can promote
the formation of the BCC phase. He et al. (Ref 13) studied the
effect of Al addition on the structural evolution and tensile
properties of CoCrFeNiMn. When the content of Al is less than
8% (atomic fraction), the alloy is a single-phase FCC solid
solution. When the content of Al is between 8 and 16%, the
alloy is FCC plus BCC dual-phase; when the Al content is
higher than 16%, the alloy is single-phase BCC. In 2016, Li
et al. (Ref 14) proposed the strategy of metastable engineering.
They prepared a dual-phase FesoMn3oCo;0Cryo high-entropy
alloy with the TRIP effect, which has decent tensile strength
and ductility. However, its yield strength is low, so it easily fails
when applying an external stress. Both single-phase and dual-
phase high-entropy alloys have some shortcomings in terms of
performance. Undoubtedly, developing tri-phase high-entropy
alloys based on dual-phase high-entropy alloys will be a new
direction in the research of high-entropy alloys.

For HEAs, annealing is a pivotal step to improve the
microstructure and mechanical properties. Heterogeneous
microstructures with various grain sizes can be obtained by
annealing, thus obtaining an excellent strength-ductility com-
bination. The C-doped FeNiMnAICr high-entropy alloy pre-
pared by Wu et al. (Ref 15) obtained a combination of ultimate
tensile strength of 765 MPa and elongation of 32.6% after hot
rolling and annealing. Its yield strength increased by 168 MPa
compared to the as-cast alloy. Most of the previous research
focuses on improving the performance of high-entropy alloys
through annealing. However, there are few studies on the
effects of annealing on the microstructure and mechanical
behavior of HEAs. HEAs with multiphase structures are often
accompanied by complex solid-state phase transformations
during annealing. Therefore, more research is still needed to
study the effect of annealing on the microstructure evolution
and tensile behavior of HEAs and to reveal the relationship
between the microstructure and mechanical properties.
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In this study, (FesoMn3oCo19Crio)o1Aly (at.%) HEA con-
sisting of a tri-phase structure was prepared. The effects of
different annealing temperatures after hot rolling on the
microstructure evolution and tensile behavior of the alloy were
studied. In addition, the relationship between the microstructure
and mechanical properties was described using a simple
composite model to discuss the effect of the annealing heat
treatment in the present alloys. This study hopes to make some
theoretical contributions to the further study of high-entropy
alloys with tri-phase structures.

2. Materials and Methods

The HEA ingot with a nominal composition of (FesoMnj3(.
Co10Cry9)91Alg (at.%) was prepared in an arc melting furnace.
The raw materials used in the present work were pure metals
Fe, Mn, Co, Cr, and Al (purity > 99.95%). The ingot used in
the present work was remelted at least four times to ensure
chemical homogeneity. Then, the ingot was forged into a square
billet with a section of 100 x 15 mm2, air-cooled to room
temperature, subsequently hot-rolled at 1173 K with a reduc-
tion ratio of 87% (thickness reduced from 15 to 2 mm), and
then cooled with water. These plates were subsequently
annealed at 873, 973, 1073, and 1173 K for one hour in a
vacuum environment.

The tensile test was carried out on a SANSCMTS5000
universal electronic mechanical testing machine at room
temperature according to ASTM E8/ES8M. Dog bone-shaped
samples with dimensions of 25 mm (gauge length) x 6 mm
(width) x 2 mm (thickness) were uniaxially tensioned under a
strain rate of 107 s~ ",

Phase identification of (FesoMn3qCo01¢Crig)91Aly (at.%)
HEA was analyzed by x-ray diffraction (XRD) using a Smart-
lab Rigaku Corporation x-ray diffractometer with an incident
beam of Cu Ka radiation. The scans were performed from 40 to
100° of 20 with a step size of 0.02 and scan speed of 5°/min.
The alloy microstructure was observed by electron backscat-
tered diffraction (EBSD, Carl Zeiss AG, crossbeam 550, step
size 80 nm) and scanning electron microscopy (SEM, SSX-
550) with an energy-dispersive (EDS) detector. The EBSD data
were analyzed by HKL channel 5 and ATEX software. The
specimens were electropolished in a solution of perchloric acid
alcohol.

3. Results

3.1 Phase and Microstructure Changes After Annealing

Figure 1 shows an XRD pattern of the samples after hot
rolling and annealing. The samples were composed of FCC,
BCC, and a small amount of HCP phase. A small amount of the
HCP phase was formed during quenching after hot rolling and
annealing. However, the content of the HCP phase in the
annealed specimen is small and cannot be clearly observed in
the XRD pattern. After annealing at 873 K, the peak value of
the BCC phase was higher than that of the FCC phase. With
increasing annealing temperature, the peak intensity ratio of I
(111) FCC and I (110) BCC increased and reached a maximum
at 1073 K. When the annealing temperature increased to
1173 K, the peak value of the FCC phase decreased.

Figure 2 shows the SEM-BSE micrograph of the specimens
after hot rolling and annealing. Figure 2(a) shows the microstruc-
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Fig. 1 XRD patterns of hot-rolled and annealed samples
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Fig. 2 Microstructure BSE images of cold-rolled and annealed samples:

annealed, (e)- (f) 1173 K-annealed

ture of the hot-rolled specimen. The hot-rolled specimen
contained many rolled grains and a small number of recrystal-
lized grains. After annealing at 873 K, there were still some rolled
grains. However, the number of recrystallized grains was higher
than that of the hot-rolled specimen. After annealing at 973 K-
1073 K, the rolled grains entirely disappeared, and some
recrystallized grains began to grow into columnar grains.
Compared with the grains annealed at 973 K, the grain size after
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(a) hot-rolled, (b) 873 K-annealed, (c) 973 K-annealed, (d) 1073 K-

annealing at 1073 K was larger. As the annealing temperature
increased to 1173 K, the grain coarsening was more severe, and
some annealing twins were found. Many annealing twins in the
alloy’s microstructure may indicate that the alloy has a lower
stacking fault energy (SFE) (Ref 16, 17). Another HEA with alow
SFE (e.g., CoCrFeMnNi or CoCrFeNi HEA) has also been
reported to have abundant annealing twins in recrystallized
microstructures (Ref 18, 19).
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Fig. 3 EBSD images and EDS mapping results of the sample annealed at 1073 K: (a) phase map, (b-f) element distributions

Table 1 EDS analysis results of the 1073 K annealed
sample, at%

Regions Fe Mn Co Cr Al
FCC 45.07 30.57 10.01 8.38 597
BCC 43.85 24.72 9.32 12.02 10.09

Elemental distributions within alloys were characterized by
EDS, as presented in Fig. 3 and Table 1. Fe and Co were
uniformly distributed without segregation. Al and Cr were
enriched in the BCC phase region, while Mn was enriched in
the FCC phase region. It has been shown that Al usually acts as
a stabilizer of the ordered BCC/B2 phase in biphasic HEA (Ref
20). Similar results have been widely reported for some HEAs
containing Al (Ref 20-22).

To further explore the microstructure of the specimens after
annealing, an EBSD analysis was carried out, as shown in
Fig. 4. From Fig. 4(a), (b), (c) and (d), the microstructure of the
annealed specimens showed completely different grain sizes
and distribution characteristics. According to Fig. 4(e), (f), (g),
(h), and (1), after annealing at 873 K, the proportion of sub-
crystals in the restored state of the sample was as high as
85.8%, while the proportion of recrystallized grains was only
10.1%. The grain orientation in the FCC phase was random,
while a strong preferred crystal orientation appeared in the
BCC phase, which indicated that there were almost no
recrystallized grains in the BCC phase, even at 873 K. As the
annealing temperature increased to 973 K, the content of the
FCC phase increased compared to that after annealing at
873 K, and the proportion of recrystallized grains increased to
15.2%. The specimens annealed at 1073-1173 K were mainly
composed of grains with random orientation, and the propor-
tion of recrystallized grains increased to 46.8% and 54.3%,
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respectively. Compared with the traditional single-phase high-
entropy alloy, many recrystallized grains were in the FCC phase
in this study. In contrast, the content of recrystallized grains in
the BCC phase was still very small, indicating that the
recrystallization process of the BCC phase was still slow, even
at 1173 K.

The distribution of grain boundaries in HEAs and the
proportion of various grain boundaries can affect the properties
of alloys (Ref 23). High-angle grain boundaries (HAGBs) are
defined as having an orientation difference greater than or equal
to 15 degrees, and low-angle grain boundaries (LAGBs) have
an orientation difference between 2 and 15 degrees. Twin grain
boundaries are defined as having an orientation difference close
to 60 degrees (Ref 24). Figure 5 shows the proportion of
various grain boundaries. After annealing at 873 K, the
proportion of low-angle grain boundaries was 40.8%, and
high-angle grain boundaries accounted for 59.2%. These data
show that after annealing at 873 K, there were still many
recovered subgrains in the specimen, even if partial recrystal-
lization occurred. Under the joint action of heat energy and
deformation energy, the homogenized grains in the hot-rolled
specimen undergo severe plastic deformation and transform
into subgrains. The subgrains store high deformation energy
and high-density dislocations, which are thermodynamically
unstable (Ref 25). After annealing at 873 K, only partial
recrystallization occurred, and the deformation energy stored in
the subgrains could not be entirely released. After annealing at
973-1073 K, the proportion of high-angle grain boundaries
increased further. However, as mentioned above, the BCC
phase cannot entirely recrystallize, and the proportion of low-
angle grain boundaries was still high. After annealing at
1173 K, the proportion of high-angle grain boundaries and twin
boundaries increased. The generation of twins was considered a
form of releasing deformation energy in grains during recrys-
tallization annealing, which can significantly reduce the
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Fig. 4 EBSD images of samples annealed at different temperatures: (a-d) IPF maps, (a’-d") phase maps, (a”-d”’) deformed, substructured and
recrystallized regions of annealed samples, (a-a”) 873 K-annealed, (b-b”") 973 K-annealed, (c—”) 1073 K-annealed, (d-d"”) 1173 K-annealed

dislocation density (Ref 26). In this study, the annealing
temperature had an evident influence on the recrystallization of
the HEA. With increasing annealing temperature, the propor-
tion of high-angle grain boundaries and twin boundaries
increased. However, even at 1173 K, the BCC phase had not
entirely recrystallized. Whether the annealing temperature can
increase the proportion of twins remains to be explored.
However, it is worth noting that studies have shown that in
some single-phase high-entropy alloys, increasing the anneal-
ing temperature will increase the proportion of twins (Ref 27).
Nevertheless, when the annealing temperature is further
increased, the ratio of twin grain boundaries will decrease.
The recrystallized grains are transformed into typical polygonal
grains (Ref 28).
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3.2 Tensile Mechanical Properties of HEAs

Figure 6 shows the tensile properties of hot-rolled and
annealed samples. Figure 6(a) shows the engineering stress—
strain curves of hot-rolled and annealed samples. The average
ultimate tensile strength (UTS), yield strength (YS), and
elongation (EL) of the samples are shown in Fig. 6(b). The
yield strength of the hot-rolled sample was 623.37 MPa, the
ultimate tensile strength was 709.98 MPa, and the elongation
rate was 13.64%. After annealing at 873 K, the yield strength
of the sample increased to 713.67 MPa, the tensile strength
increased to 893.11 MPa, and the elongation slightly improved
to 14.60%. The sample annealed at 873 K had more recrys-
tallized grains and BCC phase than the hot-rolled sample. The
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Fig. 6 Tensile properties of hot-rolled and annealed samples: (a) Engineering stress—strain curve, (b) yield strength, tensile strength and

elongation

content of the BCC phase increased so that the strength
increased. Moreover, the increased recrystallized grain content
increases the ductility of the sample. As the annealing
temperature increased to 973 K, the yield strength decreased
from 713.67 MPa to 594.66 MPa, and the ultimate tensile
strength decreased from 8§93.11 MPa to 720.78 MPa. However,
the elongation increased significantly, from 14.6% to 27.88%.
When the annealing temperature continued to increase, the
strength continued to decrease, but the decrease was smaller
than before. Correspondingly, the ductility increased.

846—Volume 33(2) January 2024

In a series of AlFeMnCoCrNi high-entropy alloys with
different Al content studied by He (Ref 13) et al., the BCC
phase in the alloy increased with the increase in Al content
significantly, making the alloy have a higher strength. In this
study, annealing at a lower temperature promoted the formation
of a hard BCC phase in a soft FCC matrix, which gave the
sample higher strength after annealing at 873 K. However,
increasing the hard phase proportion increased the alloy’s
strength, corresponding to the ductility loss of the sample.
When the annealing temperature increased, the hard BCC phase

Journal of Materials Engineering and Performance
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Fig. 7 XRD patterns of hot-rolled and annealed samples after tensile deformation

in the sample decreased, which made the strength of the sample
begin to decrease, but the ductility increased.

3.3 Microstructure Evolution After Tensile Deformation

Figure 7 shows the XRD patterns of hot-rolled and annealed
samples after deformation. A more pronounced three-phase
structure appears in the deformed alloy, especially in the sample
annealed at 1193 K. The intensity of the diffraction peaks of
FCC decreased, and the peak of the BCC phase after
deformation was stronger than that before deformation. How-
ever, in the sample annealed at 873 K, the peak strength of the
BCC phase (110) is abnormally high, possibly because some
grains with strong preference orientation are still retained.

Figure 8 shows EBSD images of samples annealed at
different temperatures after tensile deformation. The BCC
phase of the sample annealed at 873 K still retained a strong
preferred orientation after tensile deformation. In contrast, the
FCC phase elongated toward the tensile direction. At the same
time, most of the grains in the samples annealed at 973-1173 K
elongated along the tensile direction after tensile deformation.

Figure 9 shows the volume fraction of each phase in the
samples before and after deformation. The content of the HCP
phase and BCC phase increased after tensile deformation, and
the content of the FCC phase after deformation was lower than
that before deformation, which indicated that the TRIP effect
occurred during plastic deformation. In the deformation
process, a part of the FCC phase changed into the HCP phase
with a hexagonal structure. However, this change was minimal.
From the dynamic point of view, the difficulty of transforming
the FCC structure into an HCP structure depends on the energy
barrier at the y-interface. The higher the energy barrier is, the
more difficult it is to transform (Ref 29-31). In this study,
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because of the addition of Al, the SFE of the alloy increased.
The calculated SFE of the alloy was 34.51 mJ/m®, but when
SFE > 20 mJ/m?, the y — ¢ phase transformation will be
inhibited. In addition, the addition of Al increases the types of
atoms in the alloy, increases the potential energy fluctuation on
the lattice, and enhances the interaction between atoms, which
leads to the slow movement of atoms and increases the energy
barrier, so it is not conducive to the transformation from the
FCC phase to the HCP phase (Ref 30). However, with the
increase in annealing temperature, the growth trend of the HCP
phase was more significant. On the one hand, the energy of the
FCC phase increased due to the increase in temperature, and the
atoms moved more frequently, making breaking through the
energy barrier easier. On the other hand, the FCC phase after
high-temperature annealing was more abundant, and the HCP
phase’s nucleation position increased, leading to more
metastable austenite transforming to the HCP phase.

4, Discussion

4.1 Strain-Hardening Behavior

The true stress and strain data can be calculated from the
engineering stress and strain data obtained from the tensile test.
Figure 10(a) shows the true stress—strain curve. Then, the
following formula was used to calculate the strain-hardening
rate of the samples:

do
0=%

Here, o and ¢ represent the true stress and strain, respec-
tively.

(Eq 1)
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Figure 10(b) shows the strain-hardening curve of the
samples. After hot rolling, the sample exhibited two-stage
strain-hardening behavior. Stage I showed a strong downward
trend, which can be attributed to the direct transformation
between elastic and plastic deformation. Stage II showed a slow
downward trend until a fracture occurred. Both hot-rolled and
873 K annealed samples exhibited two-stage strain-hardening
behavior, but the sample annealed at 873 K had higher strain-
hardening rates in stage I. This may be due to the recovery of
dislocations induced by rolling deformation after annealing,
resulting in higher dislocation storage capacity. The samples
annealed at 1073-1173 K exhibited three-stage strain-hardening
behavior. Specifically, at stage I, its strain-hardening rate
dropped rapidly. This stage was controlled by dislocation slip.
At stage 11, the strain-hardening rate rose briefly with increasing
true strain; this stage is rare in HEAs but is common in some
TWIP steels (Ref 32, 33). In this stage, the strain-hardening
ability of the HEA was temporarily improved due to the
combined influence of the TWIP and TRIP effects. However,
due to the limited influence of the TWIP and TRIP effects,
when the influence of the TWIP and TRIP effects reached
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saturation, they immediately entered stage III. Compared with
stage I, the strain-hardening rate in stage III also decreased, but
the decreasing rate was slow. When the true strain approached
the maximum value, the strain-hardening rate decreased rapidly
until the alloy broke. It is shown in the literature that the
increase in the strain-hardening rate in stage II is due to the
transition from the bit slip mechanism to the twin deformation
mechanism (Ref 34, 35). When deformation twins occur in
plastic deformation, the dislocations are blocked by twin
boundaries and the dislocations’ average degrees of freedom
decrease. The reduced average free path has the same influence
as the dynamically reduced grain size, leading to an increase in
the strain-hardening rate in stage Il (dynamic Hall-Petch effect)
(Ref 35-37).

As an essential parameter to evaluate the uniform plastic
deformation of materials, the strain-hardening ability of mate-
rials is usually related to the ultimate tensile strength and
fracture toughness (Ref 38). In the case of the uniaxial tensile
test, the strain-hardening ability of materials can be defined as
the ratio of the ultimate tensile strength to the yield strength of

Volume 33(2) January 2024—849
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Table 2 Tensile properties and strain-hardening capacity
(Hc) of the annealed HEA

Sample oIS MPa Ghrues MPa H¢

HR 785.35 627.75 0.251
873 K 990.12 717.72 0.380
973 K 897.75 620.30 0.447
1073 K 832.36 537.79 0.548
1173 K 828.22 498.65 0.661

materials (Ref 39). In this study, the strain-hardening ability of
samples can be calculated by the following formula:

Sture)/ Ot

ture

_ UTS
He = (Gtrue -

(Eq 2)

Here, Hc represents the strain-hardening ability of the
samples. The larger the Hc is, the stronger the ability to
maintain uniform plastic deformation and the more delayed
failure (Ref 39). The Hc values of the hot-rolled and annealed
samples are listed in Table 2. The sample annealed at a higher
temperature had a higher Hc value, which corresponded to a
higher fracture strain.

4.2 Relationship Between Microstructure and Properties
of HEA

The proportion of recrystallized grains increased with
increasing annealing temperature. The size and distribution of
recrystallized grains were also affected by the annealing
temperature, which will impact the yield strength. Therefore,
the effects of various strengthening mechanisms on the yield
strength of the HEA were calculated to study the relationship
between the microstructure and mechanical properties. The
contribution of various strengthening mechanisms to the yield
strength of the HEA can be described by the following equation
(Ref 40):

Gy = Op + Gg + Og + Cp + Op (Eq 3)
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Here, 0 is the lattice friction stress, and o, 04, 0, and o,
are the strengthening contributions of the solid solute, grain
boundary, dislocation, and precipitation, respectively. Because
no precipitation was found in the annealed samples, o, can be
ignored. The lattice friction ¢, can be based on the yield
strength of the homogeneous sample (Ref 24), which is
assumed to be 125 MPa. Therefore, the formula for calculating
the yield strength can be simplified as follows:

(Eq 4)

og, is the contribution value of the grain boundary
strengthening band, which can be described by the classical
Hall-Petch relation (Ref 41, 42):

Oy = 09 + Oss + Ogp + Op

(Eq5)

Here, d is the size of recrystallized grains, and Ky is the
strengthening coefficient. For HEAs with complex structures, it
cannot simply be assumed that the strength of the alloy comes
from only one of them. To apply these effects readily to the
present HEAs, several assumptions were employed. The
contribution of the HCP phase with very little content in the
annealed alloy is ignored. The BCC phase was regarded as
having interfaces with the FCC phase only. Finally, formula (5)
is corrected to obtain the following formula:

Ogp = Ky . d_1/2

(Eq 6)

where Krcc and Kpcc represent the strengthening coefficients
of the FCC and BCC phases, respectively. Vgcc and Vpec
represent the volume fractions of the FCC and BCC phases,
respectively. The values for Kpce (490 MPa-um'"?) and Kpcc
(61 MPa-um'’?) are derived from References (Ref 43) and (Ref
15), respectively. In this study, the phase fraction and grain size
of the alloy after different annealing temperatures are different,
and the volume fractions of the FCC phase and BCC phase
after different annealing temperatures are obtained in Fig. 9.
The grain size of the two phases in the alloy after annealing can
be calculated. The grain sizes are shown in Table 3.

1 1
Ogp = Krcc - dpéc - Vice + Kpec - dpée - Vaee
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Table 3 Average grain size of the alloy after annealing

Annealing temperature, K Regions Average grain size, um
873 FCC 0.45
BCC 0.53
973 FCC 0.55
BCC 0.58
1073 FCC 0.64
BCC 0.59
1173 FCC 1.22
BCC 0.99

To consider solution strengthening (Ref 44), Al is consid-
ered as a solute here. Therefore, the contribution of solution
strengthening depended on the concentration of Al:

G-sg/z-cl/2

-M
oss 700

(Eq 7)

Here, M denotes the Taylor factor for converting shear stress
into normal stress (~ 3.06), and G denotes the shear modulus
(~ 81 GPa (Ref 46)). The interaction parameter & is defined as:

&G

_% 3
14056,

(Eq 8)

Ss—’

The interaction parameters, including modulus changes and
atomic size mismatch, are defined as follows:

10G

_ 196 E

6 =G0 (Eq 9)
10a

e Eq 10

= o (Eq 10)

Here, a is the lattice constant of the solvent, which is 3.59
(Ref 17). In addition, considering that the change in &g is
negligible compared with ¢, (Ref 45), the contribution value of
solution strengthening can be easily calculated at various
annealing temperatures.

Bailey Hirsch’s formula (Ref 46) is used to describe this
relationship:

op = MaGbp'/? (Eq 11)

Here, M is the Taylor factor (~ 3.06), « is a constant (~ 0.2
(Ref 47)), G is the shear modulus (~ 81 GPa), b is the Burgers
vector, and p is the total dislocation density. ATEX software
was used to calculate the total dislocation density of the
specimens. The values are shown in Table 4.

Based on the above analysis, the contributions of solution
strengthening, grain boundary strengthening, dislocation
strengthening, and lattice friction force to yield strength can
be calculated. The results are plotted in Fig. 11. The calculated
results agreed with the experimental results, but there were still
some differences. The following reasons may cause this
difference: Some of the intrinsic parameters were taken from
the CoCrFeNiMn (Ref 43) HEA or Aly sCoCrFeMnNi (Ref 15)
HEA in our calculations. In addition, the influence of the tiny
phase transformation before yielding and the small HCP after
annealing were neglected. In addition, considering the calcu-
lation error in the test and the instrument’s measurement error,
the calculated data’s general trend was consistent with the
experimental data. According to the calculation, the contribu-
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Table 4 Dislocation density of samples annealed at
different temperatures

Annealing temperature, K Dislocation density, m™>

873 2.6749 x 10
973 2.1222 x 10"
1073 1.8156 x 10
1173 1.6699 x 10'

tion of grain boundary strengthening and dislocation strength-
ening to the yield strength decreased gradually with increasing
annealing temperature.

In this study, the HEA annealed at low temperatures had a
high dislocation density. During tensile deformation, the
movable dislocations began to slide and then were blocked at
the boundaries of grains, subgrains, twins, or other obstacles,
entangled with each other, and diffused rapidly. In this process,
the rearrangement of the dislocation configuration led to
dislocation unit formation, essentially a softening process.
The formation of dislocation units would consume dislocations
and release gradually accumulated strain energy to support
further plastic deformation (Ref 24). Compared with the
microstructure before the tensile test, the dislocation density
in the alloy after the tensile test was much higher. The rapid
diffusion of dislocations led to a considerable strain-hardening
effect, which enabled the HEA to maintain high strength. With
increasing annealing temperature, the dislocation density
decreased, while recrystallized grains and annealing twins
increased. Annealing twins were essential in providing
stable strain hardening. In the subsequent tensile deformation,
annealing twins can pin dislocations and promote dislocation
diffusion, resulting in strain hardening (Ref 48). Due to
incomplete recrystallization, a multiscale structure with a
staggered distribution of deformed grains restored the sub-
grains, and recrystallized grains were formed. This results in an
uneven distribution of the alloy grain size, further increasing
the grain boundary-strengthening effect (Ref 49). In addition,
during tensile deformation, the TRIP mechanism can change
strength and ductility by delaying stress localization (necking)
and driving uniform plastic deformation. Therefore, TRIP
significantly increases strain hardening in the local stress zone
(Ref 50). In this study, although the effect of TRIP was limited,
the effect increased with increasing annealing temperature,
which made the strain hardening continue to increase after
annealing at a higher temperature.

5. Conclusion

In the present work, the effect of annealing after hot rolling
on the microstructure evolution and tensile behavior of a tri-
phase high-entropy alloy (FesoMn3zqCo;0Crjg)91Aly (at.%) was
investigated. The main findings of the present work can be
summarized as follows:

1. Hot-rolled and annealed (FesoMn3qCo;gCrig)91Aly (at.%)
HEAs consisted of the FCC phase, BCC phase, and a
small amount of HCP phase. After annealing at 873 K,
there were many recovered subgrains, and the fraction of
BCC phase and LAGBs was high. With increasing
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Fig. 11 Contribution of each strengthening mechanism to the YS of samples annealed at different temperatures

annealing temperature, the fraction of FCC phase in-
creased and reached a maximum of 77.9%. The fraction
of recrystallized grains and twin boundaries also in-
creased.

2. Hot-rolled and annealed (FesoMn3qCo1¢Crg)oiAly (at.%)
HEAs exhibited different mechanical properties. Com-
pared with the hot-rolled HEA, the yield strength and
tensile strength of the HEA annealed at 873 K increased
by 14.5% and 25%, respectively, and there was no loss
of ductility. Compared with the hot-rolled HEA, the duc-
tility of the HEA annealed at 973 K-1073 K increased
significantly.

3. Hot-rolled and annealed (FesoMn3oCo;oCrig)e;Aly (at.%)
HEAs exhibited a multistage strain-hardening mechanism
during plastic deformation, which was rarely seen in tra-
ditional HEAs. Moreover, a simple composite model was
used to describe the relationship between the microstruc-
ture and mechanical properties of the annealed HEAs.
This model offered a reasonable interpretation of the
strengthening effect in the annealed HEAs.
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