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Abstract: In this work, an in-situ CoCrFeNi-MgC;, high entropy-alloy (HEA) based hardmetal with
a composition of Coy5Cry1FeigNizzMo;NbsWC, was fabricated by the powder metallurgy (PM)
method. Microstructures and mechanical properties of this HEA were characterized and analyzed.
The results exhibit that this HEA possesses a two-phase microstructure consisting of the face-centered
cubic (FCC) matrix phase and the carbide MgC phase. This HEA has an average grain size of 2.2 um,
and the mean size and volume fraction of carbide particles are 1.2 um and 20%. The tensile tests show
that the alloy has a yield strength of 573 MPa, ultimate tensile strength of 895 MPa and elongation of
5.5% at room temperature. The contributions from different strengthening mechanisms in this HEA
were calculated. The grain boundary strengthening is the dominant strengthening mechanism, and
the carbide particles are significant for the further enhancement of yield strength by the dislocation
strengthening and Orowan strengthening. In addition, with increasing temperatures from 600 °C to
900 °C, the HEA shows a reduced yield strength (YS) from 473 MPa to 142 MPa, a decreased ultimate
tensile strength (UTS) from 741 MPa to 165 MPa and an enhanced elongation from 10.5% to 31%.

Keywords: high entropy alloy; hardmetals; microstructure; tensile properties;
strengthening mechanisms

1. Introduction

High entropy alloys (HEAs) have attracted significant research interests worldwide and shown
potential application prospects in different fields due to their unique structure and properties [1-3].
HEAs are composed of at least four elements mixed in equiatomic or nearly equiatomic ratios
and have a single-phase microstructure, possessing remarkable mechanical properties, high wear
resistance, exceptional fatigue resistance, excellent corrosion resistance and high resistance to anneal
softening [4-7]. Based on the phase constitution, HEAs can be divided into four types as follows:
face-centered cubic (FCC) single-phase HEAs (e.g., CoCrFeNi and CoCrFeNiMn) [8-10], body-centered
cubic (BCC) single-phase HEAs (e.g., TiNbTaZrAl, VNbMoTaW and HfNbTaTiZr) [11-13], hexagonal
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close-packed (HCP) single-phase HEAs (e.g., GADyErHoTb and GdErHoTb) [14] and multiple-phase
HEAs (e.g., AlCoCrFeNiCu, AlCoCrFeNi, 1 and CoCrFeNiMog 5 Wy 5) [15-17]. The microstructures and
properties of these HEAs have been thoroughly investigated and reported. Previous studies [15-17]
indicate that the HEA of mixing of the elements in a different atomic size tend to form intermetallic
phases rather than a single solid solution phase. In addition, the metal-matrix composites were
reported to have better mechanical properties due to the strengthening from the particle phase [18,19].
Therefore, it is attractive to design a HEA based hardmetal consisting of a HEA matrix phase and a
second strengthening phase, which may have good mechanical properties.

It is reported that the FCC single-phase HEAs are ductile but not strong enough and the BCC
single-phase HEAs are super strong but brittle [20]. The CoCrFeNi HEAs possess a single FCC phase
resulting in a high elongation of 60% and a relatively low ultimate tensile strength (UTS) of 453 MPa [5].
Such superior ductility of the CoCrFeNi-based HEAs makes them become a hotspot for researchers to
develop particle-reinforced HEAs in order to satisfy the structural applications [6,18,19]. In previous
studies, the addition of Mo induced the precipitation of o and p intermetallic phases [21], Nb caused
the formation of Laves phase [22,23], the combination of Mo and W or W induced the formation of
8-NiW and 0-CoCr phases [15] and carbides are favorable to form in HEAs with C addition or even
no C content [18,19,24-26]. All these precipitated phases were reported to improve the strength of
the CoCrFeNi-based HEAs. However, the studies on the simultaneous addition of Mo, Nb, W and
C into the CoCrFeNi-based HEAs were scarcely reported. Moreover, compared to the literature on
the mechanical properties of the CoCrFeNi-based HEAs at room temperature, the studies on the high
temperature properties are relatively less [10,16-18,27-31]. The high temperature properties of the
FCC-based HEAs were investigated in a different status, such as as-cast [26], rolled [27,28], different
grain size [10,29,30] and multiple phases [16-18]. The ultrafine grain, rolled and multiple phases make
the FCC-based HEAs possess higher room temperature mechanical properties (e.g., UTS is 995 MPa in
Reference [30] and 1170 MPa in Reference [16]) but insufficient performances at elevated temperature,
which the UTS is less than 600 MPa at 600 °C and basically less than 300 MPa at 800 °C. Therefore,
the balance of the properties at room temperature and elevated temperature is in urgent need.

Generally, the HEAs fabricated by ingot metallurgy (IM) have a typical dendritic structure with
coarse grains and serious segregation of interstitial elements [8,20]. Instead, powder metallurgy (PM)
is an efficient method to produce multicomponent alloys with homogeneous elements distribution,
which results in fine microstructures and admirable mechanical properties [8,9,32]. In this study,
the powder metallurgy method was used to produce a two-phase CoCrFeNi HEA based hardmetal.
The elements powders (Co, Cr, Fe, Ni, Mo, Nb, W and C) were firstly mechanically alloyed and
subsequently consolidated by hot-pressing sintering. The tensile tests were carried out at different
temperatures and the microstructures were characterized by a combination of X-ray diffraction (XRD),
scanning electron microscopy (SEM), electron probe microanalysis (EPMA) and transmission electron
microscopy (TEM) methods to thoroughly understand the HEA hardmetal.

2. Experimental

2.1. Material Preparation

The investigated high-entropy alloy (HEA) with a composition of CopsCrp;Fe1gNizzMoyNbsWCp
(at.% throughout the paper) was prepared by powder metallurgy (PM). Element powders of Co,
Cr, Fe, Ni, Mo, Nb, W and C with purity higher than 99.9 wt % and particle size less than 75 pm
were firstly mechanically alloyed (MA) in a ball mill with stainless steel vial in argon atmosphere.
The ball-to-powder ratio was 60:1 and the rotation speed of milling was 940 rpm during the milling
process. Additionally, the milling was conducted for a total of 4 h, comprising of four cycles of 60 min of
milling and 10 min idle time. Subsequently, the as-milled powders were consolidated by hot-pressing
sintering (HPS) at a sintering temperature of 1100 °C and pressure of 30 MPa for 2 h. The heating rate
was 10 °C /min.
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2.2. Microstructural Characterization

The phase constitutions of the samples were identified by an X-ray diffractometer (XRD, D/Max
2500, Rigaku Inc., Tokyo, Japan) using Cu Ko radiation scanning from 20° to 100° at a step size of
0.02°. The microstructures and chemical compositions of phases were characterized by a scanning
electron microscope (SEM, SIRION 200, FEI Inc., Hillsboro, OR, USA) equipped with an electron
backscatter diffraction (EBSD) analyzer (XM4-Hikari, EDAX Inc., Mahwah, NJ, USA), an electron probe
microanalyzer (EPMA, JXA-8230, JEOL Ltd., Tokyo, Japan) and a transmission electron microscope
(TEM, Tecnai G220, FEI Inc., Hillsboro, OR, USA). SEM and EPMA specimens were mechanically
ground with sand papers and then polished with diamond paste. The TEM slices were firstly ground to
a thickness of about 50 pm and then thinned to electron transparency using a twin-jet electro-polishing
machine with a solution of 5% perchloric acid and 95% alcohol at 25 V and —30 °C. The mean size
and volume fraction of carbide particles was measured by using Image Pro Plus software (version 6,
Media Cybernetics Inc., Rockville, MD, USA) based on multiple SEM images and a statistical average
was taken.

2.3. Mechanical Property Characterization

Tensile tests were performed at an Instron 3369 testing machine (Instron Ltd., Norwood, MA, USA)
equipped with a furnace for heating up to 1200 °C. The tests were conducted at room temperature and
elevated temperatures in the range of 600-900 °C under an air atmosphere at a strain rate of 1073 s71.
The high temperature extensometer was used to measure the deformation of tensile tests at elevated
temperatures. The specimens were prepared by electric discharge machining with a gauge length of
8 mm and a gauge cross-section of 3.5 mm x 2.5 mm. The surface of specimens was mechanically
polished before tensile tests.

3. Results

3.1. Microstructure

The phase constitution of the HEA was analyzed by XRD as shown in Figure 1a. The alloy was
composed of a face-centered cubic (FCC) structure matrix phase and a carbide phase M¢C. Additionally,
the lattice parameters of the FCC matrix phase and the MgC phase were 0.3601 nm and 1.1173 nm,
respectively, which can be obtained from refined XRD patterns. By checking the SEM microstructure
under back-scattered electron mode shown in Figure 1b, the FCC matrix phase exhibited a grey contrast
while the carbide phase showed brightness. In addition, in order to confirm the structure of the phase
constitutions of the HEA, further TEM investigation was conducted. Figure 1c revealed a TEM bright
field (BF) image together with diffraction patterns recorded from the matrix and dark particle phase.
By analyzing the diffraction patterns, the matrix phase had an FCC structure with lattice parameter
a = 0.3593 nm and the particle phase was FCC-MgC carbide with lattice parameter a = 1.1141 nm, which
agreed with the XRD results. Figure 1d shows the size distribution of carbide particles in the HEA,
which was measured by using Image Pro Plus software (version 6, Media Cybernetics Inc., Rockville,
MD, USA) based on the bright phase of multiple SEM images (see supplementary data Figure S1).
Additionally, the mean size and volume fraction of the carbide phase were measured as 1.2 pm and
20%, respectively. In addition, the inverse pole figure (IPF) plus image quality (IQ) image in Figure le
display the grains having different orientations with different colors, and Figure 1f shows the profile of
the grain size distribution with the mean grain diameter of 2.2 um.
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Figure 1. (a) XRD patterns of the high entropy alloy (HEA), (b) SEM micrograph of the HEA, (c) TEM
image and selected area electron diffraction (SAED) patterns of the HEA, (d) size distribution of the
carbide particles in the HEA, (e) IPF + IQ map and (f) grain size distribution of the HEA.

Figure 2 exhibits the line distributions of elements in the matrix phase and carbide phase of
the HEA by EPMA. The matrix FCC phase (dark zones) is enriched in Co, Cr, Fe and Ni, and Mo,
Nb, W and C were mainly distributed within the carbide phase (bright zones). Table 1 presents the
chemical compositions of the two phases measured by EPMA. The FCC matrix phase has a composition
consisted predominantly of Co, Cr, Fe and Ni with nearly equiatomic ratios and was depleted with Mo,
Nb and W. While, the carbide phase was enriched in Mo, Nb and C. Additionally, the atomic ratio of
C and other elements in the carbide was nearly 1:6, which indicates that the carbide phase was (Co,
Cr, Fe, Ni, Mo, Nb, W)sC (MgC). The results were in good agreement with the XRD results shown in
Figure 1a.

Mo ~-Nb —W ——C

(b) ——Co——Cr —Fe——Ni
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Figure 2. (a) Microstructure image and (b) the distributions of elements in matrix phase and carbide
phase of the HEA by electron probe microanalyzer (EPMA).
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Table 1. Chemical compositions of the two phases in the HEA by EPMA (at.%).

Elements Co Cr Fe Ni Mo Nb W C

Matrix 26.48 21.80 19.19 23.88 3.87 0.46 0.46 3.56
Carbide 15.17 14.53 6.71 11.68 22.33 11.84 2.94 14.38

3.2. Mechanical Properties

Figure 3a shows the engineering stress-strain curves of the HEA at different temperatures and
strain rate of 1073 s71, and Figure 3b revealed the profiles of the yield strength (YS), ultimate tensile
strength (UTS) and elongation of the HEA as a function of testing temperatures. The HEA has a 0.2%
offset yield strength (YS) of 573 MPa, an ultimate tensile strength (UTS) of 895 MPa and an elongation
(EL) of 5.5% at room temperature. With the temperature increases from 600 °C to 900 °C, the YS
decreased from 473 MPa to 142 MPa, the UTS decreased gradually from 741 MPa to 165 MPa and the
elongation increased from 10.5% to 31%. The tensile curve still shows obvious work hardening behavior
at 600 °C, which is shown as the difference between YS and UTS in Figure 3b. However, the difference
between YS and UTS in Figure 3b reduced significantly as the test temperature increased, indicating
that the work hardening reduced dramatically. As shown in Figure 3a, a weak work hardening was
observed after the yield point at higher tested temperatures. Especially at 800-900 °C, the deformation
behavior exhibited a steady-state after yielding, indicating that the work hardening and temperature
softening achieved a state of equilibrium, which resulted in a better ductility. In addition, the hardness
of the HEA was stable (320-330 HV) after holding at different temperatures for 4 h (see supplementary
data Figure S2), which indicates that there was no heat treatment strengthening during tensile tests.
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Figure 3. (a) Engineering stress-strain curves of the HEA at different temperatures, (b) temperature
dependence of the yield strength (YS), ultimate tensile strength (UTS) and elongation of the HEA tested
at a strain rate of 1073 571,

Figure 4 shows the fracture morphologies of the HEA after tensile tests at different temperatures.
The morphology of the fracture surface in the specimen tested at room temperature in Figure 4a
exhibited numerous flat facets united with each other by few tearing edges, indicating that the brittle
fracture dominated. The flat facets were induced by the fracture of hard carbide while the tearing
edges were caused by the deformation of the ductile matrix. Moreover, it should be noted that some
intragranular cracks could be observed in the fracture surface. As the test temperature rose, the fracture
surface shows increasing fine dimples indicating that the alloy becomes more ductile. The fracture
surface of the HEA tested at 700 °C in Figure 4b shows flat facets and cracks, but with more tearing
edges, indicating a much better ductility. The typical dimples morphology appeared in the sample
after tested at 800 °C in Figure 4c and numerous dimples with plastic deformation can be observed in
Figure 4d. The ductile matrix could do more plastic deformation at a higher temperature, meaning the
more elongation as shown in Figure 3. Therefore, the hard carbides dominated the deformation at lower
temperatures while the plastic deformation of the matrix was more favorable at higher temperatures,



Metals 2020, 10, 408 60of 12

which results in the brittle fracture gradually converting to the ductile dimpled fracture as the tensile
temperature increased.
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Figure 4. The fracture morphologies of the HEA after tensile tests at different temperatures. (a) Room
temperature, (b) 700 °C, (c) 800 °C and (d) 900 °C.

Figure 5 displays the TEM microstructures of the HEA after tensile tests at different temperatures.
The TEM image in Figure 5a shows the microstructure of the sample after being tested at room
temperature, the density of dislocation significantly increased due to the severe deformation. Strong
dislocation/dislocation interactions were observed in the matrix, which further hindered the glide of
dislocations. Additionally, numerous dislocations clustered around the carbide particles, indicating
that the carbide particles inhibited the movements of dislocations. These together contributed to
a high ultimate strength of 895 MPa for the HEA at room temperature. When the HEA samples
were conducted at tensile tests at elevated temperatures, the dislocations with a lower density could
be observed. In Figure 5b, the accumulation of dislocations at grain boundaries revealed that the
movement of dislocations was hindered by grain boundaries and M¢C particles. Additionally, the
dislocations became rare in the sample after being tested at 900 °C (Figure 5d), indicating that the
dislocation annihilation was more advantageous at higher temperatures. In addition, no obvious
deformation and solid solution of the M¢C particles and no precipitations in the matrix phases were
observed after being tested at elevated temperatures, showing that the matrix and M¢C particles
possessed a high thermal stability during the elevated temperature tensile tests. Therefore, MgC
hindering the movements of dislocations and grain boundaries played a role in hardening, while the
dislocation annihilation played a role in softening during the deformation at elevated temperatures.



Metals 2020, 10, 408 7 of 12

(0757 i

Figure 5. The TEM microstructures of the HEA after tensile tests at different temperatures. (a) Room
temperature, (b) 700 °C, (c) 800 °C and (d) 900 °C.

4. Discussion

The results presented in this study revealed that a two-phase structure composed of an FCC phase
and a carbide phase could be obtained in the CoCrFeNi-based HEA added with the refractory elements
Mo, Nb, W and C. The carbide particles were advantageous for improving the mechanical properties
(YS of 573 MPa and UTS of 895 MPa) of the HEA. This is because the motion of dislocations and grain
boundaries in the deformation process will be restrained by the carbide particles.

To explore the strengthening mechanisms in this HEA hardmetal, the yield strength can be written
in the following equation, which is the sum of the matrix strength oy, and the reinforcement from the
particles op:

Oy = Om + Op 1

The o contains the frictional stress 0, and grain boundary strengthening . The frictional stress
0, is the lattice resistance to dislocation motion in single-phase alloys, which is the yield strength of
CoCrFeNi HEAs. According to the data in References [33,34], the rule of the mixture analysis was
applied to estimate the frictional stress of this CoCrFeNi-based matrix, which is calculated as 146 MPa.
Compared with other studies, the strength is about 147 MPa [22], 155 MPa [21] and 165 MPa [5], so the
estimated value is reasonable.
According to the Hall-Petch equation, the grain boundaries strengthening can be expressed
as [32,35]:
og = Kypp xd™1/2 )

where Kyyp stands for the Hall-Petch constant and d (about 2.2 um) is the average grain size. As discussed
in Reference [33], the value of Kgjp can be assumed as 447 MPa-pum?/? in the studied HEA. Consequently,
the value of oy is estimated as 301 MPa. It demonstrates that the fine structure is much more effective
on the strengthening in the HEAs. Additionally, the matrix strength o, can be calculate as 447 MPa
combining the value of 0, and og.
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In the HEA, in-situ M¢C particles leads to the good bonding between the matrix and particles,
increasing the strength by the load transfer from the matrix to particles. In addition, the dislocations
will generate due to the lattice strain caused by the different coefficient of thermal expansion and the
elastic moduli between the matrix and particles during the cooling process, and the particles will
further impede the dislocations motion. Therefore, the reinforcement of particles can be expressed
as [36]:

Op = 01+ 04 + 0o (3)

where 0] is load bearing effect, o4 is dislocation strengthening or strain strengthening and o, is the
Orowan strengthening (the dislocations will pass by the precipitates when the particle size is large in
the matrix).

The load bearing effect o7 is presented as [35]:

o] = 0.5fo, 4)

where f is the volume fraction of carbide particles with a value of 20% and o, is the stress of matrix.
Hence, we calculated o] = 15 MPa.
The dislocation strengthening o4 can be described as following using a Bailey-Hirsch formula [37]:

04 = MO(GMb \/6 (5)

where M is the Taylor factor converting shear stress to normal stress for FCC polycrystalline matrix
and has a value of 3.06, « = 0.2 is a constant for FCC materials [5] and Gy is the shear modulus
for CoCrFeNi-based matrix [38]. b is the magnitude of the Burger vector and b = a/ V2 (a is the

lattice constant) for the FCC structure. ¢ is the initial dislocation density, and can be calculated from

p= % [39,40], where d is grain size and § is micro-strain. The XRD peak broadening consists of

the grain size broadening and the micro strain broadening, so we can estimate the $ by the equation
of AB-cosB = % +45-sin 0 [5,41], where A6 is full width at half maximum in the XRD pattern after
subtracting the instrumental broadening, K is a constant of 0.9, A = 0.154056 nm is the wavelength of Cu
Ko radiation, d is grain size and 6 is the Bragg angle of the corresponding peaks. We took the average
value of 5 = 0.002 based on peaks of the matrix, so g can be properly estimated as 1.24 x 10’3 m~2 and
the dislocation strengthening o4 = 46 MPa.

In this work, the Ashby-Orowan equation is applicable to estimate the Orowan strengthening [42],

0.13Gyb D
%o D[(l/zf)ll\/43 ~1] ln(%) ©

where f = 20% is the volume fraction and D = 1.2 pm is the spatial diameter of carbide particles (the
carbide particles are simply considered as sphere). Hence, the increments of Orowan strengthening
can be evaluated as 50 MPa. Additionally, the yield strength improvement from particles op was
calculated as 111 MPa from Equation (4).

As discussed above, the calculated value of matrix strength was 447 MPa, which the contribution
from grain boundary strengthening was the dominant strengthening mechanism in the HEA. In addition,
the value of reinforcement from particles was 111 MPa, indicating that the generation of carbide
particles had a significant effect on the enhancement of the yield strength in the HEA by dislocation
strengthening and Orowan strengthening. The calculated yield strength was 558 MPa, which is a
little lower than the measured yield strength of 573 MPa. The deviation may be attributed to the
approximate parameters cited from other HEAs and the irregular particles considered as spherical
particles. In general, the calculated yield strength was consistent with the measured data, and the
current HEA shows outstanding mechanical properties on account of the multiple strengthening
mechanisms, especially the grain boundary strengthening.
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Figure 6 compares the tensile properties at room temperature and at elevated temperatures of the
investigated HEA in this study with those of other FCC-based HEAs reported in the literature. Figure 6a
shows the UTS and elongation at room temperature of different CoCrFeNi-based HEAs [5,8,21,22,43,44].
The CoCrFeNi HEAs in the literature were reported to have low UTS (400-500 MPa for as-cast
HEAs [5,21,22,42] and 700-800 MPa for PM HEAs [8,42]) and high elongation (40-70%). With the
addition of a small amount of Mo (2-7%), Nb (2.5-4%) and C (1.2%) in to the CoCrFeNi system, the UTS
could be greatly improved but with an obvious decline in ductility. In this work, the CoCrFeNi-based
HEA added with all Mo, Nb, W and C shows a higher UTS due to the reinforcement of M¢C.
Figure 6b displays the profiles of the UTS of the FCC-based HEAs as a function of testing temperatures.
The rolled CoCrFeNiMn HEAs [27,28] have higher UTS at room and elevated temperature than the
as-cast CoCrFeNiMn HEA [26], and the fine microstructure with a different grain size also has a
great impact on the performance of HEAs [10,29]. Jeong et al. [31] reported the Fe4; Mnys5NipsCogCrp
HEA (FCC) with an ultrafine grain size (<0.5 um) exhibited outstanding UTS (995 MPa) at room
temperature but the UTS sharply dropped (less than 200 MPa) above 700 °C due to coarse grains after
recrystallization. In addition, the UTS at a room temperature of FCC-based HEAs can be remarkably
improved due to strengthening effects from other phases [16,18]. The forged AICrCuNiFeCo HEA [16]
with a microstructure consisting of FCC, BCC and o phases showed a high UTS of 1170 MPa at room
temperature but the UTS was very low above 700 °C (less than 100 MPa) because of the brittle to ductile
transition. Compared to other FCC-based HEAs in Figure 6b, the HEA in this work exhibited a superior
UTS, especially at elevated temperatures. It is reported that carbide MgC shows a high thermal stability
at the tested elevated temperatures in our work [45-47], which is proved in the TEM observations in
Figure 5. Additionally, the movement of grain boundaries is important for the deformation at elevated
temperatures, but the M¢C particles at grain boundaries will hinder the movements, which further
slows down the coarsening rate of the matrix grains [46]. Therefore, the M¢C particles still exhibits a
significant strengthening effect in the CoCrFeNi-based HEA at elevated temperature, which is very
useful when the present HEA hardmetal is applied as a high-temperature structural material.
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Figure 6. (a) Room-temperature tensile properties and (b) temperature dependence of the UTS of the
HEA in this work and other FCC-based HEAs reported in literature.

5. Conclusions

(1) The HEA hardmetal fabricated by PM has a two-phase microstructure consisting of the
CoCrFeNi-based FCC matrix and the carbide phase MzC. Additionally, the average grain diameter
was 2.2 um, the mean size and volume fraction of carbide particles were 1.2 pm and 20%.

(2) The HEA hardmetal had a yield strength of 573 MPa, ultimate tensile strength of 895 MPa and
elongation of 5.5% at room temperature.

(3) The contributions to the alloy strength from different strengthening mechanisms were
quantitatively evaluated and the contribution from the grain boundary strengthening was the most
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important. MgC particles were important for the further enhancement of yield strength by the
dislocation strengthening and Orowan strengthening.

(4) The HEA hardmetal shows a reduced yield strength from 473 MPa to 142 MPa, a decreased
ultimate tensile strength from 741 MPa to 165 MPa and an enhanced elongation from 10.5% to 31% with
increasing temperature from 600 °C to 900 °C. The work hardening reduced as the tested temperature
increased. Additionally, the deformation behavior shows a steady-state after yielding at 800 °C to
900 °C.

(5) The MyC particles still show a significant role in hardening at elevated temperatures by
hindering the movements of dislocations and grain boundaries.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4701/10/3/408/s1,
Figure S1: SEM images of the HEA for calculating the mean size and volume fraction of carbides by using Image
Pro Plus, Figure S2: Hardness of the HEA after heat treatment at different temperatures for 4 h.
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