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Abstract: A single-phase equal-atom five-mdembered High-entropy alloy CoCrFeNiMn was prepared by pow-
der metallurgy. The samples were prepared by discharge plasma sintering technique, and were held at temper-
atures of 850°C, 950°C, and 1050°C for 5 min, and at temperatures of 1050°C for 3 min, 5 min, and 10 min, re-
spectively. The organization and mechanical properties of the prepared samples were analyzed. The tensile
strength and ductility of the alloys gradually increased with the increase of sintering temperature and reached
the highest values of 620.0 MPa and 51.0% when the temperature was 1050 °C, respectively. With the increase
of holding time, the tensile strength of the alloy gradually decreased and the ductility gradually increased, reach-
ing the highest value of 55.6% when the holding time was 10 minutes. Critical shear stress (1) and normal frac-
ture stress (o0) were introduced to analyze the effects of sintering temperature and holding time on tensile
strength and fracture mode. The alloy sintered at 1050°C and held for 3 min had the highest hardness value of
191 HV, the best wear resistance, and the wear mechanisms were mainly adhesive and abrasive wear.

Keywords: high-entropy alloy; discharge plasma sintering; mechanical properties; microstructure

1. Introduction

High-entropy alloys (HEAs) have attracted much attention in recent years due to their excellent
mechanical properties such as good ductility, excellent fatigue properties, high strength, thermal sta-
bility and wear resistance [1-6]. This name refers to the new design concept of alloying by introducing
more metal elements. The most famous HEA is the equal mole ratio CoCrFeNiMn alloy, also called
Cantor alloy [7,8]. Although it has a complex chemical composition, it forms a simple solid solution
phase that gives it exceptional ductility and fracture toughness at high temperatures (~900°C). How-
ever, CoCrFeNiMn has relatively low yield and tensile strengths, and this imbalance in mechanical
properties limits its potential applications [9,10]. Therefore, it is crucial to improve its strength with-
out introducing additional brittleness.

High-entropy alloys are usually prepared by melting. However, cast High-entropy alloys suffer
from compositional segregation, porosity and other casting defects [11,12]. In contrast, powder met-
allurgy can prepare bulk High-entropy alloys with nano-sized grains, uniform organization and com-
position, which can significantly improve the mechanical properties of High-entropy alloys. Powder
metallurgy can also realize near-final forming of metal parts and improve material utilization. In
addition, powder metallurgy can easily add second-phase particles to obtain metal matrix composites.

In this paper, CoCrFeNiMn High-entropy alloy is prepared by powder metallurgy method using
discharge plasma sintering furnace. The effects of sintering temperature and holding time on the
organization, mechanical properties and wear resistance of CoCrFeNiMn High-entropy alloy are sys-
tematically investigated, and the laws of the effects of sintering temperature and holding time on the
properties of the alloy are observed.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202504.2101.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 April 2025 d0i:10.20944/preprints202504.2101.v1

2 of 6

2. Materials and Methods

The experiments were carried out on High-entropy alloys with nominal composition of
Co20Cr20Fe2NizoMn2 (atomic percentage), in which the alloys were prepared by sintering in a dis-
charge plasma sintering furnace (SPS-20T-10, Shanghai Chenhua Science and Technology Co., Ltd.)
at 850°C, 950°C, and 1050°C, with a 5-minute holding time, in which the 1050°C sintered The holding
time of the alloy was 3 minutes, 5 minutes and 10 minutes, respectively, and the sintered alloy was a
cylinder with a diameter of 25 mm and a height of 8 mm. The sintered samples were subjected to
density determination by Archimedes drainage method. The original samples were cut into dog-bone
tensile samples and metallographic samples using a BM400-type center-wire cutting machine. The
sintered and stretched samples are shown in Figure 1.

30mm

Figure 1. (a) The sintered sample and; (b) stretched sample.

The mechanical properties of the alloy were tested by the CMT5305 universal material testing
machine, and the experiment was carried out at room temperature with a tensile rate of 1x10-*mm/s.
Three samples of each specimen were taken and stretched under the same process parameters. The
wear tester (HT-1000) of Lanzhou Zhongke Kaihua Science and Technology Development Co., Ltd.
was used to test the friction and wear properties at room temperature for 15 min, with CoCr15 balls
of ®3 mm, a load of 1000 g, and a sliding speed of 300 rpm. The formula for the wear rate is K= V/P
S, where K is the wear rate, V is the wear amount, P is the force loaded in the normal direction, and
S is the sliding distance. The microhardness of the sintered samples at different temperatures was
measured using a micro Vickers hardness tester (HVS-1000) with a diamond positive tetragonal
prism in the indenter, loaded with 9.8 N for 10 s. The microhardness of the alloys at different sintering
temperatures and holding times were measured. To measure the microhardness of the alloys, 10 dif-
ferent positions in the samples were selected for measurement to ensure the accuracy of the results.
Then, the maximum and minimum values of the data were removed and the average value of the
remaining data was taken as the microhardness of the sample. The phase composition was analyzed
using an X-ray diffractometer (XRD, XRD-6000 (3KW)) Cu target Ka radiation (tube voltage 40 kV,
tube current 30 mA) with a scanning range of 30°~80° and a scanning speed of 4°/mm. The samples
of metallographic samples with different sintering temperatures were corroded after grinding and
polishing. Optical microscope (OM, ZISS) and scanning electron microscope (SEM, Hitachi
TM4000Plusll) were used to observe the microstructure.

3. Results and Discussion
3.1. Microstructure

The XRD diffraction patterns of 850 (sintered at 850°C), 950 (sintered at 950°C), 1050-3 (sintered
and held at 1050°C for 3 min), 1050-5 (sintered and held at 1050°C for 5 min), and 1050-10 (sintered
and held at 1050°C for 10 min) are shown in Figure 2. It can be seen from the figure that the increase
of sintering temperature and holding time did not cause the phase change of CoCrFeNiMn high-
entropy alloy, which is still a single-phase FCC structure, and did not form any precipitation phase.
The lattice constant and half peak width of the strongest peak (111) of the FCC phase were calculated
using Bragg's formula, and the results are shown in Table 1, from which it is easy to see that the FCC
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diffraction peaks of the high entropy alloy are shifted to the left because of the increase of the lattice
constant of the BCC phase. Since the displacement of the diffraction peak is very small, the change in
the lattice constant is not obvious. By observing the half-peak width we can see that the half-peak
width gradually increases as the sintering temperature increases. This is mainly due to the increase
in temperature, the full diffusion of elements, and the increase in internal defects after the alloy is
densified. With the increase of holding time, the half peak width gradually increases, mainly because
of grain growth, and alloy internal stress reduction caused by.
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Figure 2. X-ray diffraction pattern: (a) original drawing; (b) local enlargement.

Table 1. Lattice constant and half peak width.

Sample a/(A) FWHM
850 0.3882 0.40395
950 0.3883 0.41390

1050-3 0.3884 0.43123
1050-5 0.3885 0.42526
1050-10 0.3887 0.42302

The experimental grain size was measured using Image-pro-plus software. Figure 3 shows the
alloy grain size sintered at different temperature sintering temperatures. From the figure, it can be
seen that when the sintering temperature is 850°C, the alloy grain size reaches a minimum of about
18.11 um, which is because the internal particles of the alloy heat themselves uniformly under the
action of Joule heat during plasma sintering, and the atoms on the surface of the particles are in the
activation state, so the process of sintered body densification avoids the uneven densification of the
alloy caused by the heat transfer from the outside to the inside, which leads to the refinement of the
grains. With the gradual increase in temperature and holding time, the grain size of the alloy in-
creases gradually, which is attributed to the increased diffusion driving force at higher temperatures
leading to grain growth, but the degree of grain growth is not high. The SEM micrographs of the alloy
are shown in Figure 4, the whole specimen shows an equiaxial grain structure and a large number of
twins exist in it. When the sintering temperature was 850°C, the pores of the alloy were obvious, and
the low sintering temperature resulted in the alloy having inconspicuous grain boundaries and low
actual density. With the increase of sintering temperature and holding time, the pores in the alloy are
gradually reduced and the density of the alloy is gradually increased, the actual density of the alloy
is shown in Figure 5, and the relative density value of the alloy is the largest when the sintering
temperature is 1050 °C and the holding time is 10 minutes. Figure 6 shows the measured values of
microhardness of the samples after different sintering temperatures and holding times. The results
show that the hardness of the alloy gradually increases with the increase of sintering temperature
and decreases with the extension of holding time, and the hardness value is the highest at 191 HV
when the sintering temperature is 1050°C and the holding time is 3 min. This is since the diffusion
and fusion of alloying elements are more fully integrated with the increase of the sintering tempera-
ture, the internal pores of the alloy are reduced, and the densification is improved. With the extension
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of the holding time, the alloy grain size gradually increases and the resistance to deformation de-
creases, leading to a decrease in hardness.

kil 30
(a) (b)
27 271
2245 2148 2245 22.93
#1 B 19.4 ' 1 | ‘ '
21 4 l | J, 21 4 1 ], |
5l J Sl
o o
a 154 ‘ 5 154
= B
B 124 £ 12+
S ]
4 - g -
6 4 6
3 3
0 . : T 0 r : .
350 950 1050-5 1050-3 1050-5 1050-10
Simple Simple

Figure 3. Average grain size of high entropy alloy: (a) sintered at different sintering temperatures; (b) sintered
at different holding times.

(a)

Figure 4. SEM images of alloys at different sintering temperatures: (a) 850; (b) 950; (c) 1050-5; (d) 1050-3; (e) 1050-
5; (f) 1050-10.
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Figure 5. High entropy alloy relative density: (a) sintered at different sintering temperatures; (b) sintered at
different holding times.
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Figure 6. Hhardness: (a) sintered at different sintering temperatures; (b) sintered at different holding times.

3.2. Mechanical Properties

Figure 7 shows the room temperature tensile engineering stress-strain curve and true stress-
strain curve of High-entropy alloy sintered at different sintering temperatures and holding times,
from which it is learned that the strength and ductility of the alloy gradually increases with the in-
crease of temperature, and the strength of the alloy gradually decreases and the ductility gradually
increases with the increase of holding time. When the temperature is 850 °C, the tensile strength and
plasticity of the alloy is only 358.3 MPa and 9.1%, this is due to the existence of a large number of
pores in the alloy sintered at 850 °C, the densification is very poor, and the sintering temperature is
too low resulting in the elements can not be sufficiently diffused, the particles can not be completely
combined, resulting in poor tensile properties [13]. The strength of the alloy reaches its maximum
value of 629.0 MPa when the holding time is 3 minutes at a temperature of 1050°C. The ductility of
the alloy reaches its maximum value of 55.6% when the holding time is 10 minutes at a temperature
of 1050°C. The ductility of the alloy reaches its maximum value of 55.6% when the holding time is 10
minutes at a temperature of 1050°C. This is because as the holding time increases, the grain boundary
energy decreases and the grain growth leads to an increase in ductility and a decrease in strength.
The tensile strength and elongation do not change much due to low grain growth.
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Figure 7. Tensile (a) (c) engineering stress-strain curves and (b) (d) true stress-strain curves of high entropy alloys
sintered at different sintering temperatures and holding times at room temperature.
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Figure 8 shows the yield strength, tensile strength and elongation graphs, which can be more
intuitively seen as trend of the yield strength, tensile strength and elongation of the alloy with the
increase in temperature and holding time. Through the different sintering temperatures and different
holding times sintered alloy strength and elongation of linear fitting to get the fitted line segment
shown in Figure 9, can be seen in a certain sintering temperature and holding time within the tem-
perature and holding time with the increase in temperature and the extension of the holding time,
tensile strength and elongation has a certain regularity. When the sintering temperature is increased
from 850°C to 1050°C, the tensile strength and elongation of the alloy show a linearly increasing
trend. When the holding time was increased from 3 minutes to 10 minutes, the alloy tensile strength
showed a linear decreasing trend and the elongation showed a linear increasing relationship.
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Figure 8. Yield strength, tensile strength and elongation: (a) sintered at different sintering temperatures; (b) sin-
tered at different holding times.
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Figure 9. (a) Strength and elongation trends of the high entropy alloy with different sintering temperatures and
(b) different holding times.

The difference in tensile fracture angle of the prepared samples at different sintering tempera-
tures is shown in Fig. 10(a). As the sintering temperature increases from 850°C to 1050°C, the fracture
break angle of the tensile samples decreases gradually. When the sintering temperature is 850°C, the
tensile sample has the largest fracture angle of 81°. When the sintering temperature was 950°C and
1050°C, the fracture angles of the tensile samples were 73° and 53°, respectively. The fitting analysis
was carried out by using origin software, and the results showed that the fracture angle of the sample
decreased gradually with the increase of sintering temperature, which was fitted by using the for-
mula y=86.33-5.33%exp((x-850)/109.14)), and the fitting R?>=1, which indicated that the fitting effect was
good. The difference in tensile fracture angle of the samples prepared at 1050°C after different hold-
ing times is shown in Fig. 11(a). As the holding time increases from 3 min to 10 min, the fracture break
angle of the tensile samples decreases gradually. When the holding time is 3 min, the tensile samples
have the largest fracture angle of 55°. When the holding time was 5 min and 10 min, the fracture angle
of the tensile samples was 53° and 50°, respectively. Continuing to fit the value of the tensile fracture
angle analysis, the results show that with the increase of the insulation time, the sample fracture angle
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gradually decreases, using the formula y = 60.08 * x - 0.08 to fit it, the fitting R? = 0.99, indicating that
the fitting effect is good.

Zhang and Eckert [14] proposed an elliptic criterion to analyze the fracture behavior of bulk
metallic glasses (BMGs), introducing parameters related to this material to explain the deformation
and damage behavior of different undercuts [15],expressed as follows:

g 2 T 2
G+ = <1>
where 0 and t are the normal and shear stresses applied on the same plane, coand 1o are the critical
normal and shear fracture strengths, respectively, and a = 0o/ is the fracture mode factor. When the
tensile stress tr is applied to the sample, the normal stress o and shear stress T on any shear surface
can be expressed as:
o = opsin? 0y, )
T =0psinf; -cosfr, 3)

Combining the above formulas, the fracture mode factor a can be expressed as a function of the
tensile fracture angle 01, 0o and 1o can be expressed as a function of the tensile fracture strength o

and «a:
a= \/% (1 — cot? 8y), 4)
__OF
T = e ®)
Ty = ——, (6)
2ay1-a?

Without considering the effect of necking behavior, the tensile shear fracture angle is mainly
determined by the parameter o The graphs of oo and o functions are calculated by the equations of
(4)-(6) [16].

The plots of 0o and 1 functions for the samples prepared at 850°C, 950°C and 1050°C sintering
temperatures, respectively, are shown in Figure 10(b). From the Figure, it can be seen that with the
increase of sintering temperature, the critical normal fracture strength oo shows a gradually increas-
ing trend, and the selection of the formula y = 4.55*x*76 to fit it found that the fitting R? = 0.99, the
fitting effect is good. The shear fracture strength 7o firstly rises and then gradually tends to level off,
and y=-2.15+1.07*(1-exp(-x/62.15))+1.07*(1-exp(-x/62.15))+1.07*(1-exp(-x/62.15)) is chosen to fit it, and
the fitting R?=1, which is a good fitting effect. From the critical normal fracture strength coand shear
fracture strength 7o fitting images, it can be seen that with the increase of sintering temperature, the
critical normal fracture strength oo shows an obvious rising trend, and when the sintering tempera-
ture reaches a certain temperature, the shear fracture strength o no longer rises, resulting in a gradual
decrease in the tensile fracture angle. The plots of 0o and Tt functions for the samples prepared at 3
min, 5 min and 10 min holding time, respectively, are shown in Figure 11(b). From the Figure, it can
be seen that with the increase of holding time, the critical normal fracture strength oo shows a gradual
increase in the trend, the selection of the formula y = 56.53 * exp (-x/-5.71) + 959.13 to fit it found that
the fitting R2=0.99, the fitting effect is good. The shear fracture strength t shows a gradual decrease,
and y=620.41-64.68*(1-exp(-x/2.63))-64.68*(1-exp(-x/2.63)) is chosen to fit it, and the fitting R?=0.99, the
fitting effect is good. From the critical normal fracture strength oo and shear fracture strength o fitting
images, it can be seen that with the increase of holding time, the critical normal fracture strength oo
shows a significant rising trend, while the shear fracture strength 1o shows a gradual decline in the
trend of the rise of the critical normal fracture strength oo and the decline of the shear fracture strength
o0 leads to a gradual decrease in the tensile fracture angle. With the increase of sintering temperature
and holding time, the High-entropy alloy sample gradually tends to be dense, the reduction of alloy
pores, the full diffusion of elements and the full combination of particles are the main reasons for the
rise of 0o, and the final sample fracture mode gradually evolves from forward fracture to shear frac-
ture.
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Figure 10. Different sintering temperatures: (a) Relationship of tensile shear fracture angle with the increase of
the equivalent strain; (b) variations in to and oo as a function of the imposed strain.
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Figure 11. Different holding times: (a) Relationship of tensile shear fracture angle with the increase of the equiv-
alent strain; (b) variations in to and oo as a function of the imposed strain.

Figure 12 shows the true stress-strain versus strain-hardening curves of High-entropy alloy sam-
ples prepared at different sintering temperatures and holding times. From Figure 12(a), it can be seen
that in the sintered samples prepared at 850 °C in the low strain region strain hardening rate is very
fast, with the continuation of stretching, the strain rate gradually slowed down and then continued
to decline rapidly until the tensile samples fracture. The samples prepared by sintering at 950°C also
show three stages, firstly a rapid decline, followed by a leveling off and finally a continued rapid
decline. There is a slight increase in the work-hardening region compared to the sintered samples
prepared at 850 °C. The samples prepared by sintering at 1050°C show three stages of rapid decline,
followed by a slow increase and finally a continued rapid decline. Compared to the samples prepared
by sintering at 850°C and 950°C, the work-hardening region increases significantly, which is mainly
due to the reduction of internal pores, more homogeneous bonding between elements, and the gen-
eration of twins in the High-entropy alloys as the temperature increases. From Figure 12(b), it can be
seen that the samples prepared under the holding time of 3min, 5min and 10min respectively show
three stages of rapid decrease, then slow increase and finally rapid decrease. The intersection of the
stress-strain curves and strain-hardening curves of the three samples occurred at higher strains. The
intersection of the true stress-strain curves of the samples prepared at a holding time of 3 min is
slightly lower than that of the samples prepared at a holding time of 5 min, and both intersections
are lower than that of the samples prepared at a holding time of 5 min. Due to the delay of necking,
the ductility of the samples prepared with a holding time of 10 min is the highest and the ductility of
the samples prepared with a holding time of 3 min is the worst.

Figure 13 shows the fractured picture of the sintered alloy under different sintering temperatures
and holding times, from Figure (a) it can be seen that when the sintering temperature is 850 °C, the
elemental particles are obviously not completely fused, the elemental diffusion is not uniform, result-
ing in poor performance of tensile strength and elongation, with the sintering temperature increased
to 950 °C elemental fusion is more fully, there are a small number of tough nests appear, but still
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presents a certain amount of particles and cracks, when the temperature is increased to 1050 °C, the
elemental fusion is more fully, the tough nests increased significantly, with the prolongation of the

holding time, the performance of the tough nests is more pronounced.
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Figure 12. Strain hardening curves of high entropy alloy: (a) sintered at different sintering temperatures; (b)
sintered at different holding times.

J e

Aopm

A
[ £

Figure 13. High entropy alloy fracture: (a) 850; (b) 950 (c); 1050-5; (d) 1050-3; (e) 1050-5; (f) 1050-10.

3.3. Wear Properties

Figure 14 shows the friction coefficient-time curves of sintered alloys at different sintering tem-
peratures and holding times. From the Figure, it can be seen that at the beginning of the test, the
interface is very rough and the contact area with the grinding ball is very small. When the grinding
ball is worn, a cold welding effect occurs, which requires a large shear force to cut it, causing the
friction coefficient to increase rapidly [17]. With the increase of wear time, the contact area increases
and the interface becomes a smooth friction layer, so that the friction coefficient gradually stabilizes.
The friction coefficients of the samples under different conditions in the Figure show large fluctua-
tions, which are mainly due to the periodic accumulation and elimination of wear debris from the
wear surface [18,19]. The friction coefficient increases with the accumulation of wear debris on the
wear surface. The coefficient of friction decreases when the wear debris separates from the wear sur-
face or fills in the cracks. Among them, porosity in alloys 850 and 950 caused localized fractures.
Therefore, the localized fracture caused by porosity is the reason for the large fluctuation of friction
coefficient [17-20].

Figure 15 shows the average friction coefficient and wear rate of the sintered alloy at different
sintering temperatures and holding times. It can be seen from Figure 15 (a) that the average friction
coefficient and wear rate of the alloy show a downward trend with the increase of sintering temper-
ature. It can be seen from Figure 15 (b) that with the increase of holding time, the average friction
coefficient and wear rate of the alloy increase slightly and remain basically unchanged. Figure 16
shows the wear surface of the alloy after room temperature frictional wear. It can be seen from the
Figure that the samples sintered at different temperatures and holding times have similar wear mor-
phology, including certain scratches and steps. Some plastic deformation exists in the direction
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parallel to the scratches, and when the plastic deformation of the alloy exceeds a certain level, the
alloy cracks and breaks into wear chips. As wear proceeds, some of the chips undergo fragmentation,
accumulation, and elimination. Finally they are compacted to form steps. Another portion of the de-
bris peels off from the worn surface and becomes crumbs [20]. Slight oxidation of the wear surface
can be observed from the Figure, and obvious grooves can also be observed from the Figure, so the
wear mechanism of this alloy is adhesive wear.
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Figure 14. Friction coefficient of high entropy alloy: (a) sintered at different sintering temperatures; (b) sintered

at different holding times.
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Figure 15. Average friction coefficient and wear rate: (a) sintered at different sintering temperatures; (b) sintered
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Figure 16. Wear morphology of high entropy alloy sintered at different sintering temperatures and holding times:
(a) 850 (b) 950 (c) 1050-5 (d) 1050-3 (e) 1050-5 (f) 1050-10.


https://doi.org/10.20944/preprints202504.2101.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 April 2025 d0i:10.20944/preprints202504.2101.v1

11 of 6

4. Conclusions

In this study, we successfully sintered CoCrFeNiMn High-entropy alloy powder with SPS. The
microstructure and mechanical properties of CoCrFeNiMn High-entropy alloy were investigated at
different sintering temperatures and holding times. The following conclusions can be drawn.

(1) The alloy sintered at 1050°C and held for 3 min has the highest tensile strength of 629.0 MPa,
and the alloy sintered at 1050°C and held for 10 min has the best ductility of 55.6%. The fracture
mechanism was a ductile fracture.

(2) As the sintering temperature increases, the porosity of the alloy decreases and the tensile
properties and ductility increase. With the increase of holding time, the tensile strength of the alloy
decreases, the grain size increases and the ductility rises.

(3) With the increase of sintering temperature, the critical normal fracture strength oo shows an
obvious rising trend, and when the sintering temperature reaches a certain temperature, the shear
fracture strength o no longer rises. With the increase of holding time, the critical normal fracture
strength 0o shows a clear rising trend, and the shear fracture strength t shows a gradual decline. The
alloy fracture form is gradually changed from normal fracture to shear fracture mode.

(4) The alloy sintered at 1050°C and held for 3 minutes has the highest hardness and the best
wear resistance, and the wear mechanism is mainly adhesive wear and abrasive wear.
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