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Abstract: The novel core—shell SiC@CoCrFeNiMn high-entropy alloy (HEA) matrix composites (SIC@HEA) were
successfully prepared via mechanical ball milling and vacuum hot-pressing sintering (VHPS). After sintering, the
microstructure was composed of FCC solid solution, Cr»3Cs carbide phases, and Mn,SiO4 oxy-silicon phase. The
relative density, hardness, tensile strength, and elongation of SIC@HEA composites with 1.0 wt.% SiC were 98.5%,
HV 358.0, 712.3 MPa, and 36.2%, respectively. The core—shell structure had a significant deflecting effect on the
cracks. This effect allowed the composites to effectively maintain the excellent plasticity of the matrix. As a result, the
core—shell SIC@HEA composites obtained superior strength and plasticity with multiple mechanisms.
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strength and plasticity synergy

1 Introduction

High entropy alloys (HEAs) are novel alloys
composed of multiple major alloying elements [1].
CANTOR et al [2] proposed a multicomponent
CoCrFeMnNi alloy (named Cantor alloy) with
iso-atomic ratio. Cantor alloys are one of the most
researched and promising HEAs [3,4]. Ordered
phases and intermetallic phases are present in HEAs
[5], as well as more complex eutectic mixtures or
solid solutions with disordered structures [6,7].
Cantor alloys have a typical FCC phase structure
with relatively low yield strength and excellent
strain-hardening properties under both room and
low temperature conditions, thus maintaining
excellent toughness [8—11].

SiC nanoparticles can effectively improve
the strength, hardness, wear resistance and other
multiple properties of composites by virtue
of fine grain strengthening, Orowan rings,
thermal expansion coefficient, and solid solution
strengthening, etc [12]. COLOMBINI et al [13] and
ROGAL et al [14] indicated that SiC nanoparticles
were effective in increasing the hardness and yield
stress of CoCrFeMnNi HEA. SiC decomposes and
reacts at high temperatures to form carbides and
oxides, and these second phase particles increase
the strength of the HEA [13]. LI et al [15] showed
that the in-situ reaction between SiC particles and
matrix alloys during sintering can significantly
increase the microhardness of composites.
Especially when Cr is present in the HEA, SiC
decomposes and reacts with Cr to produce the more
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stable carbide Cr;Cs or Cr23Cs. However, while SiC
particle reinforced composites are effective in
increasing the strength, the plasticity is greatly
affected [16]. Balancing strength and plasticity have
always been a long-standing problem for metal
matrix composites. In recent years, solving this
problem by constructing heterogeneous structures
has become a new research strategy [17,18].

Currently, several heterogeneous structures
with significantly enhanced strength and plasticity
have been successfully constructed, such as
core—shell, laminate, gradient and bionic structures
[17,19]. Heterogeneous structures achieve superior
strength—conductivity synergistic properties
through the interaction of multiple strengthening
mechanisms [20]. For example, strain localization
is suppressed, dislocation glide is hindered, stress
concentration is avoided and cracks are blunted,
flexed and branched [19,21,22]. GUO et al [23]
have prepared Ti—Al;Ti core—shell structure by
in-situ reaction of Al matrix and Ti matrix. MA
et al [24] fabricated the core—shell structure of Al
matrix with AI3Ni—NiAl , which was found to have
a wavy crack extension path. The results showed
that the composite has high strength and ductility.
SUN et al [25] succeeded in constituting Hadfield
steel ~with  the  nanocrystalline—amorphous
core—shell structure by laser fusion cladding. LIU et
al [26] synthesized SiC nanoparticles reinforced
magnesium-matrix composites with heterogeneous
core—shell structure by mechanical ball milling. The
core—shell structure achieved a balance between
superior strength and plasticity by impeding crack
expansion, transferring load-bearing capacity, and
alleviating stress concentrations. In the core—shell
structure, the matrix as a soft phase contributes to
the excellent plasticity of the alloy, while the hard
particles in the shell are essential for increasing the
strength. High entropy alloys, as novel high-
strength alloys, are inevitably the first choice for
hard particles in core—shell structures. Mechanical
ball milling can improve the strength and plasticity
of high entropy alloys, which is common in industry.
This is certainly an efficient and appropriate
development strategy.

In this study, a core—shell structure was
constructed in the high-entropy alloy by mechanical
ball milling. The microstructure, phase composition
and fracture morphology of the composites were
studied and analyzed. The strengthening and

toughening mechanisms of the SiC@HEA
composites were further analyzed. The core—shell
structure studied in this work has special structural
properties and unique mechanical properties. The
microstructural design of the core—shell structure
was studied and analyzed, and its mechanical
properties were tested. This work provides some
theoretical guidance for the development of high-
entropy alloys.

2 Experimental

2.1 Raw materials and sample fabrication

The raw material powders were iso-atomic
CoCrFeNiMn HEA pre-alloyed powders (particle
size of 45—105 um), and SiC nanoparticles (particle
size of 20—50 nm). SiC powders (0.5, 1.0, and
1.5 wt.%) were mixed with HEA powders through
mechanical ball milling in a tungsten carbide jar.
Tert-butyl alcohol (TBA) was used as a protective
medium during ball milling. The mass ratio of
balls to composites was 20:1 at 240 r/min for 4 h.
Afterwards, the composites were dried in a freeze
drier for 24 h to adequately remove the TBA. The
powder mixture was sintered in a VHPS furnace
at 1000 °C for 1 h. The heating rate was 10 °C/min
and the pressure was gradually increased to 30 MPa
during the heating process. The maximum pressure
was reached at the highest temperature and
remained constant during the holding process. After
the holding process, the samples were cooled in the
furnace. The fabrication process of the SIC@HEA
matrix composites is shown in Fig. 1.

2.2 Characterization and mechanical performance

tests of composites

After sintering, the composite was cut into
small bulks by wire cutting. These bulks were
sanded with silicon carbide sandpaper and then
polished until without visible scratches. To
characterize the microstructure of the SiC@HEA
after polishing, the phase composition was analyzed
by X-ray diffraction (XRD, Rigaku Ultma IV), with
20 ranging from 10° to 80° in steps of 0.02°. The
microstructure and fracture morphology of the
composites were analyzed by scanning electron
microscope (SEM, ZEISS Sigma 300). The
microstructure of the SIC@HEA matrix composites
was determined by transmission electron
microscopy (TEM, FEI Talos F200X with 200 kV
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Fig. 1 Preparation process of SIC@HEA composites

accelerating voltage). The specific composition of
the second phase was also analyzed by selected area
electron diffraction (SAED).

The density of the SIC@HEA was tested based
on the drainage method and calculated from the
theoretical density of alloy. Mechanical properties
were tested by the Vickers hardness machine
(HVS—10002), by applying a load of 1 kg with an
indenter on the mechanically polished surface. The
hardness was tested at several random locations in
the composite. The average hardness was calculated
to minimize errors. Mechanical properties were
tested by a universal testing machine (WDW-3100).
The tensile specimens were I-beams (test
dimensions according to GB228.1 standard,
marking distance of 10 mm, thickness of 2 mm, and
width of 4 mm), and each group of specimens was
tested four times to minimize the error.

3 Results and discussion

3.1 Morphology of powder

The initial morphology of the HEA powder
was spherical. SiC nanoparticles were combined
with HEA powder particles by ball milling. In order
to obtain the excellent experimental parameters for
ball milling, a pre-experiment of planetary ball
milling was made (in Fig. 2). Pre-experiments were

Ball milling
y =
3 (> Ratioofball
to powder: 20:1
Rotation speed:
240 r/min
) Time: 4 h
~—— T~
Mixing process
Vacuum hot-pressing
L—

sintering (VHPS)

Sintering temperature:
e 1000 °C
Pressure: 30 MPa

Furnace cooling
|-

Sintering process

performed using SiIC@HEA powders of 1.0 wt.%
SiC, and ball milling at 240 r/min. Figures 2(a—d)
show the morphology of the SIC@HEA composite
powders for different ball milling time (2—8 h). The
HEA powder could collide with SiC particles, alloy
jars, alloy balls and other HEA powders. The HEAs
powder underwent various processes ranging
from initial tiny deformations, through larger
deformations during cold welding, to eventual
fracture and fragmentation [27]. SiC nanoparticles
were gradually impinged into the HEA powder
during the ball milling process, which gradually
accelerated as the ball milling proceeded. During

the ball milling process, the HEA powder
underwent plastic deformation, which was
gradually intensified, and finally broke up

completely. HEA particles were initially spherical,
then fragmented into short columns that gradually
broke up and thinned out. Based on the morphology
of the HEA powders shown in Fig. 2, the final ball
milling time was determined to be 4 h. After 4 h,
the HEA powders exhibited a more completely
spherical morphology, where the SiC nanoparticles
could be well encapsulated on the outside of the
HEA particles.

Figure 3 shows the elemental distributions of
the SIC@HEA composite powder after ball milling.
The uniform distribution of metal elements in the
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Fig. 2 Morphologies of SIC@HEA composite powders after ball milling for different time: (a) 2 h; (b) 4 h; (c) 6 h;
(d)8h

Fig. 3 Elemental distribution images of SiIC@HEA composite powders

powders indicated that there was no agglomeration distributed on the HEA particles, indicating that SiC
between the HEA powders and SiC nanoparticles. particles could be completely embedded on the
However, Si and C elements were uniformly HEA surface. The distribution of the C element was
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special, which was caused by the SEM sample
preparation. The alloy powder must be immobilized
on the conductive adhesive, which is the C-rich
region under the EDS, thus creating this special
distribution. LUO et al [28] carried out low
temperature milling of SiC nanoparticles and
magnesium powder. The results showed that ball
milling can discrete the harder SiC particles in the
softer phase. In the grinding process, the SiC
nanoparticles were gradually embedded into the
HEA particles due to the impact of the material,
forming the core—shell structure. The SiC@HEA
powders had an outer layer of SiC nanoparticles
incorporated with HEA matrix (hard outer shell)
and an inner layer of pure HEA matrix (soft inner
core).

3.2 Microstructure of sintered bulk

In order to analyze the composition of the
sintered bulk, the SiC@HEA composites were
tested by XRD, as shown in Fig. 4. The micro-
structure of the composite mainly consisted of FCC
matrix, and the crystallographic indices of the three
main diffraction peaks were (111), (200) and (220),
which indicated that the incorporation of the SiC
did not affect the structure of the HEA matrix.
Furthermore, the diffraction peaks of carbide also
appeared in the XRD patterns and were enhanced
with the incorporation of SiC nanoparticles. There
were two factors for the formation of carbide. On
the one hand, the unstable SiC would decompose at
high temperatures, while the elements C and Cr
would form the more stable carbide Cr;Cs or Cr23Cs
at high temperatures. The type of carbide mainly
depends on the sintering temperature, and the
contents of elements C and Cr. SZKLARZ et al [29]
and COLOMBINI et al [13] enhanced HEA with
different Cr contents by SiC nanoparticles. The
results showed that SiC could decompose at high
temperatures to form carbides and oxides. On the
other hand, the carbides came from the residues of
the protective medium during the experimental
process, as well as from carbon penetration in the
graphite molds during the sintering process. This
phenomenon was also found in several other studies
[9,30], where the formation of carbide was
unavoidable due to the extreme susceptibility of Cr
to react with C. PICKERING et al [31] also found
some precipitated phase of M3Cs in their long

annealing experiments of CoCrFeNiMn. Moreover,
the composition of the precipitated phase was
similar to that of the precipitated phase around
grain boundary in the experiment of HE et al [32].
The results indicated that CoCrFeNiMn HEA
generated carbide during the experimental
process, which were probably caused by the
SiC nanoparticles decomposition or the C-element

contamination.
ain e FCC structure
o » Carbide
1.5 wt.% SiC/ \ @30 (220)
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Fig. 4 XRD patterns of SIC@HEA composites

Figure 5 shows the microstructures of the
SiC@HEA matrix composites. Figure 5(a) shows
the HEA matrix with uniform compositional
distribution in the microstructure. Figures 5(b—d)
show the composites with SiC content of 0.5, 1.0,
1.5 wt.%, respectively. The microstructure of
the composites retained the morphology of the
core—shell SIC@HEA powders. The composites
were mainly composed of the matrix phase and two
precipitated phases. The two precipitated phases
were carbide and oxy-silicon phases, as shown in
the EDS results. Due to the small size of SiC
nanoparticles, as well as the decomposition and
reaction at high temperatures, the SiC nanoparticles
were not found in Fig. 5. The oxide phase particles
were mainly distributed among the HEA particles,
which indicated the mixing of external oxygen
elements during the powder preparation process.
During the experimental process or powder transfer,
some of the external air remained on the powder
surface and reacted with HEA. The carbide phase
was uniformly distributed in the composites and
varied with the content of SiC nanoparticles. The
results showed that the carbide phase was closely
related to the SiC nanoparticles.
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Fig. 5 Cross-sectional SEM images of composites: (a) CoCrFeNiMn; (b) 0.5 wt.% SiC/CoCrFeNiMn; (c) 1.0 wt.% SiC/

CoCrFeNiMn; (d) 1.5 wt.% SiC/CoCrFeNiMn

3.3 Microstructure characterized by TEM

To accurately determine the composition of the
phases in the microstructure, further probing was
carried out by TEM. The results of TEM revealed
the microstructure and phase composition of the
SiC@HEA composites. Figure 6 shows the element
scanning results of the SIC@HEA composite. The
elemental distribution confirmed the segregation of
Si, C, O, Cr and Mn elements in the composites.
The microstructure was dominated by the matrix
phase with precipitated carbide phase and oxy-
silicon phase at the grain boundary. An unavoidable
side effect of mechanical ball milling was the
formation of metal oxide. Owing to the extreme
binding capacity of the elements Cr, Mn and O in
Cantor alloys, it was extremely difficult to avoid
oxidation in the mechanical alloying process. Such
oxide or carbide particles were also observed in
Cantor alloy in some related studies [8,33].
COLOMBINI et al [13] also fabricated
FeCoNiCrAl HEA reinforced with SiC nano-
particles by powder metallurgical synthesis. It was
found that SiC was unstable at high temperatures
and more stable carbide and silicide were formed,
which would increase the hardness of the alloy.
This was comparable to the generation of the
second phase in the present work.

In Fig. 7(a), the SiC@HEA composite was
composed of the matrix and two different second
phases, which were analyzed by SAED, as shown
in Figs. 7(c—e). The matrix maintained the FCC
structure of the HEA, with the oxy-silicon phase
as Mn,SiOs and the carbide phase as Cr3Cs. The
presence of numerous dislocations and twins could
be seen in the microscopic morphology of Fig. 7(a),
where the dislocations were entangled and stacked
at the diffusive particles. Therefore, these second
phase particles were observed to hinder the motion
of dislocations. In addition, as shown in Fig. 7(b),
some dislocation walls with mesh dislocations
existed near the twin crystals. The SAED spectrum
of the twin at this location is shown in the lower
right corner of Fig. 7(b). There were two reasons
why twins appeared. Firstly, during the ball milling
process, composite powder underwent substantial
plastic deformation and numerous defects were
produced. During sintering, deformation from axial
loading could lead to the generation of twin crystals.
Second, the glide of dislocations was hindered,
leading to the formation of regions of high-density
dislocations, which also promoted the emergence of
the twins [34]. The twin interacted with the
dislocations. DENG et al [35] observed numerous
dislocations in the microstructure of the fabricated
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Fig. 6 Elemental distributions in SiIC@HEA matrix composites

FesoMn4oCo10Crip HEA. These dislocations were
stacked on each other and crisscrossed, forming
dislocation walls. As these high-density dislocation
walls impeded the motion of subsequent
dislocations, HEA was simultaneously enhanced by
this dislocation reinforcement.

Figure 8 shows the high resolution transmission
electron microscope (HRTEM) images of the two
second phases with the matrix and their
corresponding fast Fourier transform (FFT) images.
Figure 8(a) shows the HRTEM image of the carbide
phase Cr»Cs and the matrix, where no new
compounds were generated at the interface. At the
atomic level, Cr;Cs is tightly bound to the matrix
interface. The crystal plane of Cr:;3Ces was (200)
with a lattice spacing of 0.556 nm. The crystal

plane of the matrix was (111) with a lattice spacing
of 0.207 nm. Figure 8(b) shows the HRTEM image
of the Mn,SiOs and the matrix, which was a
semi-coherent lattice type of bonding as the
oxy-silicon phase was tightly bound to the matrix
atoms. The crystal plane of the Mn,SiO4 phase was
(110) with a lattice spacing of 0.447 nm.

3.4 Mechanical properties

The hardness and density of the SiIC@HEA
composites are shown in Fig. 9. The density of
composites was highly dependent on the porosity
of the material, especially when the material was
prepared by powder metallurgy. As the sintering
temperature gradually increased, the contact surface
area between the powders gradually increased, the
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Fig. 8 HRTEM images of second phase and matrix in SIC@HEA composites: (a) Cr23Cs and matrix; (b) Mn,SiO4 and

matrix

pores gradually contracted until closed, and the
alloy eventually became dense. Therefore, density
was an important indicator of the success of alloy
sintering. Excellent density was an essential index
to ensure that the alloy has excellent mechanical
properties [36]. The density of the SiC@HEA
composites was 97.3%, 98.4%, 98.5%, and 97.7%,
corresponding to different SiC nanoparticles
contents of 0, 0.5, 1.0, 1.5 wt.%, respectively. Thus,
the densities of the SiC@HEA composites all
reached a superior level. The composites had a high

density due to the fact that they were sintered at
high temperatures and held for 1 h.

The hardness of the composites was HV 308.2,
HV 334.2, HV 358.0, and HV 363.1, respectively.
Hardness is one of the extremely significant
mechanical properties of the material. The density
of the composites severely affects their hardness.
The lower the density of the composite, the more
the defects such as voids and micropores were
present. The composites all have superior density,
so the effect of density on hardness was minor and
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Fig. 9 Hardness and density of SiIC@HEA composites

negligible. The change in hardness was mainly due
to the incorporation of SiC, which increased the
hardness of the composites as the content of SiC
nanoparticles increased. The C-element content
had a considerable effect on the hardness of the
SiC@HEA composites. Carbide generation and
solid solution strengthening of the FCC phase by C
elements increased the hardness of the HEA matrix.

Figure 10 shows the comparison of tensile
stress—strain curves and tensile properties of the
SiIC@HEA composites. As shown in Fig. 10(a), the
tensile strengths of the SIC@HEA composites with
0.5, 1.0, and 1.5 wt.% SiC were 623.9, 712.3, and
611.7 MPa, and elongations were 32.9%, 36.2%,
and 29.1%, respectively. The composite with
1.0 wt.% SiC had the highest tensile strength, while
the strength of the composite with 1.5 wt.% SiC
decreased. This was caused by the increase in SiC
content, resulting in an excess of second phase
particles. Such particles tended to aggregate and
become a source of crack initiation, resulting in
reduced strength.

Compared with CoCrFeNiMn HEA, the
SiC@HEA composites have higher strength and
better deformation capacity. On the one hand, the
reinforcement of SiC nanoparticles increased the
strength compared to the HEA. The SiC nano-
particles could transfer the loads concentrated
on the SiC nanoparticles under external forces. As
shown in the shear hysteresis model [43], SiC
nanoparticles shared the stresses carried by the
HEA matrix, thus effectively increasing the
fracture strength of SiIC@HEA. In addition,
SiC decomposed during the sintering process,
generating carbide particles at grain boundaries,

producing diffusion strengthening and grain
boundary strengthening. When the composite
was under external loading, dislocations rapidly
sprouted and spread, followed by glide. At this
time, due to the “bypassing” of dislocations, the
dislocation ring would remain around the hindering
particle. This resulted in not only more lattice
distortions, but also stronger hindering effect on
subsequent dislocations. As a result, SiC nano-
particles and diffuse phase particles enabled
dislocation glide to consume more energy, which
was favorable to improving the strength and
hardness of the SIC@HEA. Several related studies
showed that the increase in the fracture strength of
the composite is related to the activation of twins in
the microstructure [11].
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(a) — CoCrFeNiMn
— 0.5 wt.% SiC/CoCrFeNiMn
1.0 wt.% SiC/CoCrFeNiMn
—— 1.5 wt.% SiC/CoCrFeNiMn
< 600 ]
[
s
2
=4
£ 400 |
2
7
=
=
200
0 15 30 45 60 75
Tensile strain/%
1600 () (b) W This work
® FeCoCrNiMn-1.3C [30]
A Fe,Mny,Co,Cr;4-0.2GNPs [27]
z :‘;CzéCO:uNi-uAl!«w [—;’;]]
<1200 F oCrFeMnNiTi, [38
-9 « NiFeCrCoMn [11]
= P FeCrNiCo(SiC), [39]
= .
= @ FeyMn, CryNiss [40]
?:D P : l(:\e,((ll\/'[:n:xNiHC[l;&][ét]]
- “oCrFeNiMn
g 800 A ‘ ’ ] @ CrMnFeCoNi [8]
)
‘B
5
= 400F *0
*
0 20 40 60 80
Elongation/%

Fig. 10 Tensile test results of SIC@HEA composites:
(a) Stress—strain curves; (b) Comparison of tensile
properties [8,11,27,30,37—42]

On the other hand, the core—shell structure
altered the crack extension path. The deflection of
the crack extension increased the energy consumed
for fracture. Then, the incorporation of SiC led to
the generation of strengthening phases, which
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caused additional strengthening mechanisms to
further enhance the mechanical properties. As
shown in Fig. 10(b), the SiIC@HEA composites
showed superior synergistic effects of strength and
plasticity.

3.5 Fracture behavior

Figure 11 shows the fracture morphology of
the SIC@HEA composites after tensile tests. In
order to further research the effect of the core—shell
structure on the tensile properties, the tensile
fracture morphology of the composites was
examined. In Figs. 11(a, b), single cracks were
distributed along the edge of the spherical particles.
In contrast, the SiC@HEA composites with
1.0 wt.% SiC showed a more distinctive core—shell
structural morphology, with cracks more distributed
along the layer. In Figs. 11(c, d), the fracture
morphology of the matrix became flattened. The
SiIC@HEA composite retained the fracture

RIS

S
D4
W

A

3437

morphology of the original spherical powder. The
results showed that its tensile fracture was also
along the core—shell structure.

Figures 11(e, f) show the higher resolution
SEM images to further analyze the fracture
morphology of composites. Fracture morphology
was distributed with numerous dimples, which
was the feature of the plastic fracture. During
crack extension, the formation and growth of
dimples absorbed more energy and contributed to
the formation of the ductile features. The size of
the dimples in the matrix of the non-core—shell
structure was relatively large. Formation and
growth of large size dimples consumed more energy
during crack propagation. The greater the local
resistance of the material to destabilization, the
better the plastic toughness [44]. The core—shell
structure of the SIC@HEA composites was also
distributed with numerous dimples in which the
second phase particles were present. The diffusive
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phase particles had different plasticity from the
HEA matrix. Under the applied load, the composite
material was deformed, the stress was concentrated
on the diffusive phase particles, and microcracks
sprouted and spread along the interface. Eventually,
dimples were formed at this location and retained in
the dimples among the diffusive phase particles.

3.6 Strengthening mechanism

Core—shell SiC@HEA composites achieved
superior strength due to multiple strengthening
mechanisms (solid solution strengthening, fine
grain strengthening, dislocation and twinning
strengthening, second phase strengthening, etc).
In addition, core—shell SiC@HEA composites
maintained excellent plasticity, resulting in an
excellent strength— plasticity synergy.
3.6.1 Solid solution strengthening

Solid solution strengthening results from
localized stress changes and lattice distortions due
to differences in the size of the constituent atoms.
Different atomic sizes in composites lead to lattice
distortion and solid solution strengthening. This
strengthening mechanism can be calculated from
the distortion energy of the lattice and the atom
concentration [45]:

Acss= AGe *PC?? (D)

where Aoss is the solid solution strengthening value,
A is a dimensionless constant depending on
composite material, C is the concentration of
solid-solution atoms in the composite, G is the
shear modulus of the composite, and ¢ is the lattice
distortion induced by solid solution atoms. HEA has
multiple major component properties and all atoms
can act as solute atoms. As a result, the solid
solution strengthening effect is superimposed and
enhanced by more solid solubility in HEA [46]. The
SiC nanoparticles in core—shell SIC@HEA matrix
composites decompose during the sintering process.
When the SiC decomposes, the resulting Si and C
atoms are much smaller in size than metal atoms.
As a result, they exist as interstitial atoms in the
microstructure, which leads to lattice distortions in
the matrix. For example, C atoms can move into the
octahedral interstitials in the HEA matrix lattice
(FCC structure), leading to larger lattice distortion
energy [47.,48].
3.6.2 Fine grain strengthening

The SiC decomposed during the sintering

process and generated new phases in-situ at the
interface. Diffusive particles and second-phase
particles at the interface impede the interfacial
extension process. Thus, the growth of the grains
was hindered, resulting in the grains becoming
remarkably fine [49]. The strengthening of fine
grains was mainly caused by the increase of
grain boundaries and the avoidance of stress
concentration [40]. HEA has excellent thermal
stability and slow elemental diffusion effects,
resulting in slow crystallization and grain growth
to form fine grains. The composition of the HEA
matrix composites is more complex than the
traditional alloys. However, HEA usually has a
stable phase structure. Therefore, the value of fine
grain strengthening of the HEA matrix composites
can be obtained on the basis of the average grain
size, as shown in equation below [45,50]:

Aowp=K(d % —d ;*?) (2)

where Aonp is the fine grain strengthening value, K
is the Hall-Petch constant, d and dy are the average
particle sizes of the composite and HEA matrix,
respectively. The SiC nanoparticles hinder the
growth of the HEAs grains, leading to more and
finer grains. The finer grains allow the HEAs
matrix composites to have more fine-grained
reinforcement, which contributes to the strength of
the composites and maintains their plasticity.
3.6.3 Dislocation and twin strengthening

The TEM image (Fig.7) showed that
numerous dislocations and twins were present in the
microstructure of the SIC@HEA composites. The
dislocations were hindered at the interface and the
second phase particles, and dislocations underwent
intercalation, entanglement and accumulation. In
addition, the stacked dislocations also hinder the
subsequent dislocation movement and plastic
deformation of the composites. In the process of
mechanical ball milling, severe plastic deformation
occurs due to the mutual collision and extrusion
between the HEA powder and the alloy balls.
Consequently, the higher density of dislocations
was produced in HEAs. For HEAs, the diversity of
matrix components is different from the thermal
expansion coefficient of the reinforcing phase. As
temperature changes, the matrix and reinforced
phases are deformed to varying degrees, resulting in
large localized stresses and numerous dislocations.
The value of dislocation reinforcement in HEAs can
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be calculated according to Eq. (3) [45]:
Aopis=MaGbp'? (3)

where Aopis is the dislocation strengthening value in
HEASs, M and « are constants related to the material,
and the FCC structural material has M and o values
of 3.06 and 0.2, respectively. b is the magnitude of
Burgers vector, and p is the dislocation density. The
HEA matrix composites can greatly hinder the
dislocation motion due to the characteristics of
more grain boundaries, finer grains, and multi-
phase composition, resulting in larger dislocation
strengthening. Therefore, dislocation and twin
strengthening exists in the SIC@HEA composites to
obtain superior mechanical properties.
3.6.4 Second phase strengthening

From the elemental distributions (Fig. 6) of
the SIC@HEA composites, the microstructure of
the composites contains numerous second-phase
particles. These particles hinder dislocation glide
and lead to entanglement and stacking of the
dislocations.  Furthermore, according to the
morphology of the fractured SIC@HEA composites
after the tensile experiments, the second phase
particles in the composites affect the fracture
process. Due to the different deformability of the
second-phase particles and the HEAs matrix, the
second-phase particles resulted in indentations.
Therefore, the strengthening mechanism of second
phase is also included in the SIC@HEA composites.
The second phase strengthening is divided into the
Orowan and the Ansell-Lenier mechanism. From
the fracture morphology, the SIC@HEA composites
belong to the Orowan mechanism. The Orowan
strengthening of HEA matrix composites is more
complex compared to traditional alloys. Therefore,
the effects of HEA matrix and reinforcing phase
should be considered. Equation (4) for this
strengthening value is given below [51]:

AG oronan =10-13G/d [(2f,) 7" ~1]}In[d , /(2b)] (4)

where Acorowan 1S the Orowan strengthening value,
and f, and d, are the volume fraction and size
of the reinforcing phase, respectively. For SiC
nanoparticles, the particle size is in the nanometer
scale, which possesses a stronger strengthening
mechanism under the Orowan mechanism [27]. The
diffusive distribution of Crz3Cs carbide and the
precipitation distribution of Mn,SiO4 oxy-silicon
phase at the interface are responsible for the

increased yield strength. The glide of dislocations
toward these second-phase particles are hindered by
entanglement and impede the glide of subsequent
dislocations. As a result, the core—shell SIC@HEA
composites have high second phase strengthening,
which further caused improved mechanical
properties.

4 Conclusions

(1) SiC nanoparticles were embedded in the
exterior of HEA particles through mechanical ball
milling to form the core—shell SIC@HEA powder.
After VHPS, SiC decomposed and reacted to form
in-situ new diffusive phase around the interface.
The microstructure of the SIC@HEA composites
consisted of FCC solid solution, Cr»3Cs carbide
phase and Mn,SiO4 oxy-silicon phase.

(2) The density and hardness of the SIC@HEA
with 1.0 wt.% SiC were 98.5% and HV 358.0,
respectively. Meanwhile, the SIC@HEA composites
obtained superior strength and maintained excellent
plasticity with tensile strength of 712.3 MPa and
elongation of 36.2%.

(3) The core—shell structure of the SIC@HEA
composites resulted in superior mechanical
properties by multiple mechanisms, which achieved
the synergy effect of strength and plasticity.
Furthermore, the core—shell structure had an
obvious deflection effect on cracks, which allowed
the SIC@HEA composites to maintain the excellent
plasticity of the HEA matrix.
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