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Abstract: AlCoCrFeNiTi0.5 high-entropy alloy (HEA) shows excellent properties in hardness and
corrosion resistance. AlCoCrFeNiTi0.5 HEA was prepared using a non-consumable vacuum arc
furnace. Hot-deformation behavior of AlCoCrFeNiTi0.5 HEA was explored under 1073–1373 K
with a strain rate between 0.001 and 1 s−1 using a Gleeble-3800 thermomechanical simulator. The
constitutive equation was established using the Arrhenius model, and the deformation activation
energy and material constant were obtained. The processing map of HEA within 0.3–0.6 deformation
was drawn according to dynamic material model (DMM). The results show that the hot-deformation
process of HEA is dominated by work hardening combined with dynamic recovery, and dynamic
recrystallization. The flow stress of HEA is significantly affected by deformation temperature and
strain rate. The constitutive equation was constructed and verified, and the correlation coefficient
of R2 = 0.9873 indicated that the constitutive equation can be used to accurately predict the flow
stress of HEA. The processing map of HEA shows that the optimal hot-working process parameters
are in the range of temperature 1150–1300 K and strain rate 0.002–0.05 s−1. This work will provide
theoretical guidance for the hot-processing of HEA, which effectively promotes the application of the
HEA in industry.

Keywords: hot-deformation behavior; high-entropy alloy; constitutive equation; processing map

1. Introduction

High-entropy alloy (HEA) is a new kind of alloy that contain more than five principal
elements in equal or near equal atomic percent. It has attracted increasing attentions because
of unique compositions, microstructures, and properties [1,2], such as high strength, high
ductility, wear resistance, corrosion resistance, and temperature resistance [3,4]. Due to the
interaction of different elements, HEA exhibit a composite effect. The grain shape, grain
diameter and grain boundary of HEA may be affected by some elements, which change the
macroscopic properties.

CoCrFeNi HEA is composed of face-centered cubic (FCC) phases, which have been
investigated by numerous researchers [5–7]. CoCrFeNi HEA exhibits excellent plasticity,
toughness, and fracture toughness, but its application was limited because of low strength.
Lots of studies have been conducted to improve the strength of CoCrFeNi HEA. The com-
prehensive performance of CoCrFeNi HEA can be improved by introduced body-centered
cubic phases (BCC), such as Al, Ti, Cu, Mn and others. It has been reported that the hard-
ness can be increased by adding Al and the corrosion resistance can be improved by adding
Ti [8–12]. Qin et al. [13] reported that the yield strength and fracture strength of CoCr-
FeMnNi HEA was significantly improved by Mo addition. Mohamed et al. [14] investigated
the effect of Cu addition on mechanical properties of AlCoCrFeNi HEA; they showed that
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the hardness decreased significantly with an increase in Cu content, the hardness decreases
from 403 HV to 191 HV when the Cu content increases from 5 wt% to 20 wt%, whereas
the compressive strength increases form 400.034 MPa to 599.527 MPa when the Cu content
increases from 5 wt% to 15 wt%. Zhao et al. [15,16] studied the microstructure evolution,
hardness and wear resistance of HEMB-Ni2B composite coating via first principle methods;
the results show that the synergistic effect between the superhardness of HEMB and the
large plastic deformation ability of Ni2B can significantly improve the wear resistance of
HEMB-Ni2B coatings, with a friction coefficient as low as 0.13. Similar investigations have
been also reported in references [15–23]. Yu et al. [17] demonstrated that the structure of
AlxCoCrFeNi HEA transforms from a single FCC phase to an FCC + BCC dual phase with
the increases in Al contents. Meanwhile, the hardness is improved by 146% with a 0.9% Al
addition compared with CoCrFeNi. Zhang et al. [19] found that the surface roughness is the
smallest of CoCrFeNiAlX (x = 0, 0.6, 1) with a 0.6 wt% Al addition. Wu et al. [20] reported
that the transition temperature from order to disorder in FeCoNiAl1−xTix decreases with
the increase in Ti content. Zhang et al. [22] showed that the average microhardness of the
AlCoCrFeNiTi0.5 HEA coating reached 989 HV, which was 32% higher than AlCoCrFeNi
and reduced wear by 85%. The addition of Ti increased the number of reinforcement phases
in the alloy, which contributed to the formation of eutectic and amplitude-modulated
decomposition structures, and this structure showed significant changes in performance.

Due to the mixing effect of HEA, adding different elements will have different effects,
resulting in significant differences in microstructure and properties. Moreover, the inher-
ent characteristics and casting defects of HEA, high resistance and poor plasticity during
hot-working, cracking during forging and hot-rolling process, and other problems restrict
the application of HEA [24,25]. The studies on HEA mainly focus on the composition, mi-
crostructure, and mechanical properties, whereas there are few studies on high-temperature
deformation behavior [26,27]. So, the hot-deformation behavior and mechanism of HEA
should be investigated in detail, which are meaningful for the production of bulk defect
free HEA.

The combination of the dynamic material model (DMM) processing diagram and
microstructure after high-temperature deformation can effectively describe the relationship
between high-temperature deformation parameters and microstructure evolution [24],
which is used to distinguish the safe and dangerous zones during the high-temperature
plastic deformation process [28,29]. The hot-compression experiments of AlCoCrFeNiTi0.5
under different conditions (deformation temperature, strain rate) were conducted, and
the deformation behavior at high temperature was analyzed. The flow stress constitutive
equation within 0.1–0.7 deformation was established according to the Arrhenius model. The
processing map of AlCoCrFeNiTi0.5 within 0.3–0.6 deformation was drawn according to
DMM. This paper aims at providing theoretical basis for the formulation and optimization
of HEA hot-deformation process parameters, which is beneficial to solving the problems
including hot-work difficulties and cracking during the hot-processing of HEA.

2. Experiments

The tested material is as-cast AlCoCrFeNiTi0.5 HEA. The ingot was smelted using a
WK-II non-consumable vacuum arc furnace (BNTET, Henan, China) with Al, Co, Cr, Fe,
Ni, and Ti as raw materials (purity > 99.9%). During the melting process, Al, Co, Cr, Fe,
Ni, and Ti are prepared in an atom ratio of 1:1:1:1:1:0.5 in order to reduce the volatilization
of low-melting-point alloys before melting; the alloys are gradually placed in a copper
crucible in the order of melting point from low to high. The ingot was repeatedly melted
5–6 times to ensure the uniformity of chemical composition. The chemical composition of
the ingot is shown in Table 1.
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Table 1. Chemical composition of AlCoCrFeNiTi0.5 HEA (atom%).

Element Al Co Cr Fe Ni Ti

Content 17.69 18.21 18.60 18.63 18.28 8.59

The ingot was processed into a cylinder with 8 mm in diameter and 10 mm in height
for hot-compression experiments. Single-pass compression tests were carried out using the
Gleeble-3800 thermomechanical simulator (DSI, Albany, NY, USA). The schematic diagram
of the hot-compression experiment is shown in Figure 1. The specimens were heated to
1423 K at a rate of 10 K·s−1 and held for 3 min to eliminate the internal temperature gradient,
and cooled to deformation temperature at a rate of 3 K·s−1. The deformation temperature
was set as 1073 K, 1173 K, 1273 K or 1373 K. The strain rate was set as 0.001 s−1, 0.01 s−1,
0.1 s−1 or 1 s−1; the total deformation is 70%. When the temperature was reached, the
specimens were held for 30 s, and then single-pass compressing tests were carried out and
repeated for all the experiments under different temperature. The crystal structure of the
sample was tested using an XRD-6100 Lab X-ray diffraction analyzer (SHIMADZU, Kyoto,
Japan) with CuK α Ray, λ = 0.15406 nm. The working current is 30 mA, working voltage is
40 kV, scanning angle range is 20–90◦, and scanning speed is 2 (◦)/min. The microstructure
of AlCoCrFeNiTi0.5 HEA is analyzed using the OLYMPUS BX51M optical microscope (OM,
Olympus Corporation, Tokyo, Japan) after electropolishing with 4% fluoroboric acid.
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Figure 1. Schematic diagram of hot-compression experiment.

3. Results
3.1. Microstructure

The XRD patterns of the specimens of AlCoCrFeNiTi0.5 HEA are shown in Figure 2; it
can be inferred that the main components are FCC and BCC phases. The diffraction peaks
of the FCC phase are crystal face (111), (200), and (220) with a structure of [Fe, Ni] solid
solution. The lattice constant of FCC is 0.35807 nm, and the spatial group belongs to the
Fm-3m (225) spatial structure. The diffraction peaks of BCC phase are crystal face (100),
(110), (200), and (211) with a structure of [Fe, Cr] solid solution. The lattice constant of
FCC is 0.28719 nm, and the spatial group belongs to the Im-3m (229) spatial structure. The
microstructure of AlCoCrFeNiTi0.5 HEA is detected by OM, as shown in Figure 3, where
there are two phases, which should belong to the BCC and FCC phase according to the
result in Figure 2.
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3.2. Analysis of Stress–Strain Curve

Figure 4 shows the flow stress–strain curve of AlCoCrFeNiTi0.5 HEA under different
conditions. It can be observed that the flow stress is significantly affected by temperature
and strain rate. The flow stress increases with the increase in strain rate and the decrease
in temperature. During the hot-deformation process, both work hardening and dynamic
softening mechanisms work simultaneously [30]. At the initial stage, the stress increases
quickly with the increase in deformation, and the increase rate shows a gradual slowing
trend before reaching the peak value. This indicates that this stage belongs to the dynamic
recovery process. The hardworking plays the main role, where dislocation multiplication
hinders the movement, the softening effect caused by dislocation movement is insufficient
to offset the hardening effect caused by the increase in dislocation density, resulting in a
rapid increase in flow stress and a significant increase in deformation resistance. Subse-
quently, dynamic recovery occurs, and the dislocations recombine and disappear, which
makes the stress reach the peak value gradually. After that, the stress decreases gradually
until it reaches a steady state with the increase in deformation. The dynamic softening
mechanisms plays the main role at this stage. The synergy effect of dynamic recovery and
dynamic recrystallization is stronger than that of work hardening, and the stress decreases
gradually and reaches the steady state when it reaches the equilibrium state [31]. When the
strain rate is constant, the dynamic recrystallization behavior becomes more obvious with
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the increase in deformation temperature, and the peak value of flow stress correspondingly
decreases. With the increase in deformation temperature, the thermal activation effect of
deformation increases, which enhances the mobility of grain boundaries, promoting the
dynamic recrystallization nucleation, grain growth, and dislocation annihilation. This will
reduce the flow stress [32]. When the deformation temperature is constant, the nucleation
and growth of recrystallized grains become more complete with the decrease in strain rate,
contributing fully to dynamic recrystallization. The interaction between dislocations leads
to a sharp increase in dislocation density, which increases the deformation storage energy,
leading to a decrease in the critical temperature of recrystallization and a corresponding
increase in the degree of dynamic recrystallization.
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3.3. Establishment of Constitutive Equation

It has been reported that the constitutive equation could be used to exhibit the relation-
ship between flow stress and deformation parameters during the deformation process of
alloys [33,34]. The constitutive equation for AlCoCrFeNiTi0.5 HEA can be expressed with
the following equations [35,36]:

.
ε = A1σn1 exp

(
− Q

RT

)
, σ < 0.8 (1)

.
ε = A2 exp(βσ) exp

(
− Q

RT

)
, σ> 1.2 (2)

.
ε = A[sinh(ασ)]n exp

(
− Q

RT

)
(3)

where Q is activation energy (kJ·mol−1), R is the universal gas constant (8.314 J·mol−1·K−1),
σ is flow stress (MPa),

.
ε is strain rate (s−1), T is deformation temperature (K), A1, A2 and

A3 are material constants, n and n1 are stress exponents, and α is stress factor (α = β/n1,
MPa−1). It should be noticed that Equation (3) is suitable for any condition.
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Zener and Hollomon used parameter Z to describe the effects of temperature and
strain rate on deformation behaviors [37]:

Z =
.
ε exp

(
Q

RT

)
= A[sinh(ασ)]n (4)

The value of α, n, Q and A can be calculated by Equations (1)–(4), and then establish the
constitutive equation under different deformation condition. In this paper, the constitutive
equation is obtained when the strain is 0.2, and the stress at different conditions is shown
in Table 2.

Table 2. Stress of AlCoCrFeNiTi0.5 HEA under different conditions with 0.2 deformation (MPa).

Strate Rate, s−1 Deformation Temperature, K
1073 1173 1273 1373

0.001 208.73 135.38 100.67 35.98
0.01 356.08 250.93 204.53 106.53
0.1 577.51 420.55 356.68 199.74
1 783.40 589.19 480.24 280.40

By taking the logarithm of both sides of Equations (1) and (2), Equations (5) and (6)
can be expressed as follows:

ln
.
ε = ln A1 + n1 ln σ − Q

RT
(5)

ln
.
ε = ln A2 + βσ − Q

RT
(6)

By performing a linear fitting on ln
.
ε-lnσ and ln

.
ε-σ, and finding the reciprocal of the

slope of the line, the value of n1 and β can be obtained. The value of α can be calculated by
α = β/n1. As shown in Figure 5a,c, n1 = 6.05, β = 0.026, and α = 0.0041.

Equation (7) of Q can be obtained by taking the logarithm of both sides of Equation (3)
and finding the partial differential:

Q = R
∂ ln[sinh(ασ)]

∂(1/T)

∣∣∣∣ .
ε

∂ ln
.
ε

∂ ln[sinh(ασ)]

∣∣∣∣
T
= Rbn (7)

The relationship between ln[sinh(ασ)]-1/T, and ln
.
ε-ln[sinh(ασ)] is shown in Figure 5c,d.

it can be inferred that b = 7948.35, n = 3.25, and Q = 218.36 kJ/mol.
By taking the logarithm of both sides of Equation (4), Equation (8) can be expressed

as follows:
ln Z = ln

.
ε +

Q
RT

= ln A + n ln[sinh(ασ)] (8)

Perform linear fitting on lnZ-ln[sinh(ασ)], the reciprocal of the slope of the line is
lnA = 17.42, and A = 3.68 × 107, as shown in Figure 5e.

Take the values of α, n, Q and A into Equation (3), the constitutive equation (strain = 0.2)
is obtained.

.
ε = 2.78 × 107[sinh(0.0041σ)]3.25 exp

(
−218359

RT

)
(9)
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It has been reported that the rheological characteristics of an alloy can be described by
the relationship between strain and material constant. The values of α, n, Q and lnA under
different deformation conditions are shown in Table 3. The material constant is represented
as a polynomial function of the strain, which can more accurately reflect the relationship
between the material constant and the strain, and the corresponding results are shown in
Figure 6. The correlation coefficient is higher than 0.9760, which indicates that the fitting
effect is good. The relationship between stress and material constant can be obtained by
combining Equations (3) and (4). Combining the calculated material constants with strain
polynomial fitting results, the constitutive equation of AlCoCrFeNiTi0.5 can be expressed
as follows.
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σ = 1
α ln

( Z
A

) 1
n
+

[(
Z
A

) 2
n
+ 1
] 1

2


Z =

.
ε exp

(
Q

RT

)
α = −0.3303ε6 + 0.6176ε5 − 0.3993ε4 + 0.0951ε3

−0.0036ε2 + 0.0058ε + 0.0028

n = −166.77ε6 + 467.09ε5 − 505.70ε4 + 255.07ε3

−51.47ε2 − 1.87ε + 4.32

Q = −53062.40ε6 + 131273.29ε5 − 127864.15ε4

+61133.49ε3 − 14029.85ε2 + 1015.05ε + 256.35

ln A = 6902.09ε6 − 17741.01ε5 + 18090.01ε4

−9345.30ε3 + 2614.99ε2 − 398.61ε + 43.03

(10)

Table 3. Material constant of AlCoCrFeNiTi0.5 HEA under different deformation condition.

ε α n lnA Q/(kJ·mol−1)

0.10 0.0034 5.6 21.88 266.725
0.15 0.0038 3.84 17.79 245.83
0.20 0.0041 3.49 17.42 218.359
0.25 0.0044 3.3 15.85 205.404
0.30 0.0049 3.08 14.65 194.146
0.35 0.0051 2.899 14.05 186.814
0.40 0.0054 2.85 13.71 183.435
0.45 0.0056 2.83 13.45 182.321
0.50 0.0058 2.84 13.31 178.158
0.55 0.0062 2.77 13.37 179.514
0.60 0.0064 2.76 13.62 182.07
0.65 0.0066 2.79 13.52 180.963
0.70 0.0068 2.76 13.5 181.57

3.4. Verification of Constitutive Equation

In order to verify the accuracy of the constitutive equation, the stress of AlCoCrFeNiTi0.5
HEA under different strain rates is calculated according to Equation (10); the corresponding
results are shown in Figure 7. It can be concluded that the theoretical calculation values and
experimental values are highly consistent when the strain rate is 0.001 s−1, 0.01 s−1 and
0.1 s−1. However, there is a significant deviation between the theoretical calculation value
and the experimental value when the strain rate is 1 s−1 at 1073 K and 1373 K. Figure 8
shows the comparison between the theoretical and experimental values of flow stress. The
slope of the curve is 0.9757, and the correlation coefficient is 0.9873, which indicates that
the constitutive equation can accurately predict the flow stress of AlCoCrFeNiTi0.5 HEA.
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3.5. Processing Map

It has been reported that the processing map based on dynamic material model (DMM)
is widely used to investigate the deformation behavior of materials at high temperature [38].
During the thermal deformation process, the total energy (P) absorbed by the material can
be divided into two parts: the energy consumed by plastic deformation (G), and the energy
consumed by microstructure transformation (J), following Equation (11) [39].

P = G + J = σ · .
ε =

∫ .
ε

0
σd

.
ε +

∫ σ

0

.
εdσ (11)

The relationship between flow stress and stain rate can be expressed by Equation (12) [40]:

σ = K(
.
ε)

m (12)

where K is material constant, and m is strain rate sensitivity index, which is defined as
follows [41]:

m =
dJ
dG

=

∣∣∣∣ d(ln σ)

d( ln
.
ε)

∣∣∣∣
ε,T

(13)

According to DMM theory [42], the hot-work material system is considered as a
nonlinear energy dissipator, which can be characterized by energy dissipation efficiency
factors η [43]:

η = 2m/(m + 1) (14)

The power dissipation diagram is a contour plot of the power dissipation rate as a
function of temperature (T) and strain rate (ε). The area with a high η value may cause
dynamic recovery and dynamic recrystallization, which exhibits good processing per-
formance. However, in some cases, there are some unstable zones in high-value areas.
Therefore, in order to obtain the optimal thermal processing parameters of the material, it
is necessary to calculate the corresponding instability diagram based on the instability cri-
terion. Prasad et al. [44] proposed a rheological instability criterion based on the maximum
entropy principle to analyze the materials, as shown in Equation (15):

ξ
( .
ε
)
=

∂ ln
( m

m+1
)

∂ ln
.
ε

+ m ≤ 0 (15)

where ζ(
.
ε) is the instability factor. The instability map is the area where the instability factor

varies with negative values in the contour map of temperature (T) and strain rate (
.
ε). The

rheological instability may occur in this area, which should be avoided during processing
materials. The processing map is composed of power dissipation diagram and instability
map. Figure 9 shows the processing map of AlCoCrFeNiTi0.5 HEA with strain at 0.3, 0.4,
0.5 and 0.6. The contour line represents the power dissipation coefficient, and the shaded
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area represents the unstable zone. It can be concluded that there is an unstable zone in all
figures. When the strain is 0.3, the unstable zone is the area with temperature ranging from
1100 to 1130 K and strain rate ranging from 0.35 to 1 s−1. With the increase in deformation,
the unstable area becomes larger. When the strain is 0.6, the unstable zone is the area with
temperature ranging from 1073 to 1373 K and strain rate ranging from 0.13 to 1 s−1. Besides
all above areas, the region corresponding to the highest energy dissipation rate during
deformation is the optimal deformation zone for AlCoCrFeNiTi0.5 HEA. It can be seen that
the optimal deformation zone is in the temperature range of 1150–1300 K and the strain
rate range of 0.002–0.05 s−1.
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4. Conclusions

(1) Under the conditions of deformation temperature 1073–1373 K, strain rate 0.001–1 s−1,
and strain rate 70%, the hot-deformation process of AlCoCrFeNiTi0.5 HEA is dominated by
a softening mechanism that combines work hardening, dynamic recovery, and dynamic
recrystallization. The strain rate and deformation temperature play a significant impact on
the stress–strain curve.

(2) The constitutive equation is established and verified, the correlation coefficient is
0.9873, which indicates that the constitutive equation can accurately predict the flow stress
of AlCoCrFeNiTi0.5 HEA. The constitutive equation of AlCoCrFeNiTi0.5 can be expressed
as follows.
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σ = 1
α ln

( Z
A

) 1
n
+

[(
Z
A

) 2
n
+ 1
] 1

2


Z =

.
ε exp

(
Q

RT

)
α = −0.3303ε6 + 0.6176ε5 − 0.3993ε4 + 0.0951ε3

−0.0036ε2 + 0.0058ε + 0.0028

n = −166.77ε6 + 467.09ε5 − 505.70ε4 + 255.07ε3

−51.47ε2 − 1.87ε + 4.32

Q = −53062.40ε6 + 131273.29ε5 − 127864.15ε4

+61133.49ε3 − 14029.85ε2 + 1015.05ε + 256.35

ln A = 6902.09ε6 − 17741.01ε5 + 18090.01ε4

−9345.30ε3 + 2614.99ε2 − 398.61ε + 43.03

(3) The processing map is established, and the optimal deformation zone for
AlCoCrFeNiTi0.5 HEA is in the temperature range of 1150–1300 K with a strain rate range
of 0.002–0.05 s−1.
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