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Inspired by the design principle of pearl structure, a bottom-up flake powder self-assembly arrangement strategy,
flake powder metallurgy, is used to prepare graphene films (GFs) reinforced CoCrFeNiMn high-entropy alloy
(HEA) matrix composites with a pearl laminated structure. Flaky HEA powder was prepared by ball milling
method and homogeneously mixed with Ni plated GFs. Vacuum hot-press sintering (VHPS) technique was carried
out to solidify the mixed powders to obtain composites with uniform distribution of GFs(Ni) and flaky HEA. The
results show that the bottom-up preparation strategy can effectively fabricate bionic laminated HEA matrix
composites, and the composites have a distinct pearly laminated structure. The tensile strength of the composites
with 5 vol% GFs(Ni) content reached 834.04 MPa, and the elongation reached 26.58 %. The compressive
strength in parallel and perpendicular laminar directions reached 2069.66 MPa and 2418.45 MPa at 50 % strain,
respectively. The laminated GFs(Ni)/HEA matrix composites possessed excellent strength and maintained good
plasticity. In this study, the strengthening and toughening mechanism of the laminated GFs(Ni)/HEA matrix
composites is discussed in detail, and the results show that the laminated structure and GFs(Ni) are favorable for
the hardening and strengthening of the HEA matrix.

1. Introduction By virtue of its multi-component nature, HEA exhibits synergistic effects

of multiple strengthening mechanisms (including fine grain strength-

The more common definition of HEA is currently defined as one
those consisting of more than four body elements, each with a content of
between 5 at.% and 35 at.%, generally forming a high-entropy solid
solution [1-3]. At the earlier stage of exploration, HEA was mostly
composed of components with iso-atomic ratio. The multiplicity of
components in HEA results in a high entropy of mixing. The higher
mixing entropy inhibits the formation of intermetallic compounds,
which leads to the formation of multi-component mixed phases,
resulting in a simple solid solution structure [4,5]. HEA complements
each other through the interaction of its constituent components to
achieve superior performance beyond that of a single component alloy.

ening, solid solution strengthening, dislocation and twin strengthening,
etc.) during the deformation process [6-8]. HEAs improve on traditional
alloys with superior mechanical properties such as high fracture
toughness, high hardness and strength, and excellent thermal stability
[9-11]. The mechanical properties of HEAs are closely related to the
composition, phase structure. Face-centered cubic (FCC) HEAs have
better toughness but are softer [12], while body-centered cubic (BCC)
HEAs have higher hardness and brittleness [13].

Due to the contradiction between strength and toughness, how to
develop high-entropy alloy-based materials that jointly possess excellent
strength and plasticity is one of the main issues at present [14].
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According to the Hall-Petch relationship, grain refinement can
strengthen alloys without changing the composition. Simply by grain
refinement, the strength of alloys will be effectively enhanced, but the
plasticity is usually affected. For the synergy of strength and plasticity,
in recent years it is common to improve it by structural design.
Commonly, there are non-homogeneous structures such as pearly
laminar structure, harmonic structures, bimodal structures, etc. [15,16].
The pearl laminate is a micro-scale laminate biomimetic structure that
offers great advantages in maintaining strength and plasticity [17].
Lamellar structure deflects cracks to dissipate more energy during crack
extension for plasticity and toughness increase, and lamellar structure
also affects the arrangement of reinforcement for load transfer by rein-
forcement [18]. In graphene reinforced metal composite systems, the
design of nanocarbon/laminar structures has been increasingly investi-
gated [19]. Incorporating graphene reinforcement into the laminate
structure will result in a high-density interface, which is capable of
increasing the strength and maintaining good plasticity of the compos-
ites [20].

The graphene films (GFs) are a new type of 2D carbon nano-
materials. GFs are made of multilayer graphene stacks, retaining the
desirable properties of single-layer graphene [21]. GFs have superb
mechanical, electrical and thermal properties, thus gradually becoming
a new direction to explore in the field of composites [22,23]. In the
system of nano-carbon/CoCrFeNiMn HEA matrix composites, there are
several major problems: 1) The interfacial bonding between graphene
and HEA matrix is not easy, due to the large free energy of graphene’s
own surface and its large differences in structure and properties with
HEA-based [24]. 2) GFs are prone to agglomeration by van der Waals
forces, which can easily form defects and stress concentrations in the
composites, which can affect the mechanical properties of the compos-
ites [25]. 3 ) The low entropy of the mixing of C and Cr elements leads to
a severe interfacial reaction, which hinders the normal action of GFs in
the HEA matrix. X.N. Mu et al. [26] fabricated titanium matrix com-
posites with multilayer graphene (MLG) by flake powder metallurgy
technology. Compared with monolithic pure Ti (HR normal),
MLG-reinforced laminate composites showed 280 % (~2 GPa) increase
in yield strength, substantially higher hardness, and increased plasticity.
Common dispersion methods include molecular-level mixing [27], in
situ growth [28], intense plastic deformation [29], and ball milling [30],
etc. Among them, ball milling dispersion is considered to be a relatively
simple and efficient method. The GFs were pre-treated with chemical
plating to prepare a dense Ni coating on the surface. Thus, the bonding
problem between GFs and HEA matrix with interfacial reaction can be
solved.

In this study, a bottom-up flake powder self-assembly method was
used to prepare HEA matrix composites with laminated structures, i.e.,
flake powder metallurgy. In this study, GFs (Ni) with uniform metallic Ni
coating were prepared using chemical plating. Spherical HEA powder
was broken into flakes by ball milling and homogeneously mixed with
GFs(Ni). GFs(Ni)/HEA-based composites with pearl laminar structure
were successfully prepared using vacuum hot press sintering (VHPS). In
order to explore the effects of the lamellar structure and GFs(Ni) on the
composites, the microstructure was analyzed using XED, SEM, EDS and
TEM tests, and tensile experiments and compression experiments in
different directions were performed. The results of mechanical property
tests show that the laminated GFs(Ni)/HEA matrix composites have
excellent tensile strength and maintain good plasticity. The results of
microstructure analysis show that the laminated GFs(Ni)/HEA matrix
composites have various strengthening mechanisms (solid solution
strengthening, second phase strengthening, dislocation and twin
strengthening, etc.). The results of microstructure analysis show that the
laminated GFs(Ni)/HEA matrix composites have excellent tensile
strength and maintain good plasticity.
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2. Materials and methods
2.1. Raw material

GFs were used as the reinforcement material (density of 1.85 g/cm?,
thickness of 0.012 mm). The matrix material was pre-alloyed CoCrFe-
NiMn high-entropy alloy powder (particle size 45-105 pm) with equal
atomic ratio. The process parameters of mechanical ball milling for the
preparation of flaky HEA powders were determined through preliminary
pre-experiments. The HEA powder was first ball-milled in a carbide jar
for 11 h, followed by the addition of GFs and mixing for 1 h. The ball-
milling process used tert-butanol as a spacer protection medium, and
the rotational speed was 300 rpm/min throughout the ball-milling
process. Subsequently, vacuum freeze-drying was performed for 24 h
to remove the protective medium tert-butanol to obtain a homogeneous
mixed powder of GFs with flaky HEA.

The preparation of Ni coatings on the surface of GFs was adopted as
chemical reaction depositions. First, the GFs were roughened in ethanol
hydrochloric acid solution. Sensitization and activation treatment pro-
cesses are required before preparing Ni coatings on GFs. The sensitiza-
tion solution was made of SnCl; mixed with HCI. The activation solution
consisted of PdCly mixed with HCl. The main salt component was
composed of NiSO4—~6H20, CHgsNaO3s7, NH4Cl, and NaH,PO». The pH of
the solution was controlled between 9 and 10 using ammonia speaking
solution. The nickel-plating times for the GFs were chosen to be 10, 20
and 30 min, respectively. After the nickel plating was completed, the
GFs were dried at 90 °C for 5 h to obtain the GFs uniformly coated by
nickel.

Finally, nickel-plated GFs strongly toughened laminated CoCrFe-
NiMn high-entropy alloy matrix composites were fabricated via VHPS.
The temperature was increased to 1000 °C at a rate of 10 °C/min and
gradually pressurized to 30 MPa, held for 1 h and then cooled with the
furnace. The process flow diagram of the fabricate is shown in Fig. 1.

2.2. Characterization of composites

The nickel-plated GFs were subjected to microscopic morphology
observation by scanning electron microscope (SEM, ZEISS Gemini 300)
to obtain the optimal experimental parameters for nickel plating. After
the sintered blocks were cut out to a specific size by wire cutting, their
morphology was initially observed by optical microscopy (OM, Zeiss
AXIO), followed by the characterization of the microscopic constituents
using X-ray Diffraction (XRD, Rigaku Ultima IV) and SEM to charac-
terize the organization of the microstructure of the composites. In
addition, the 5 vol% GFs(Ni)/HEA matrix composites were further
analyzed by transmission electron microscopy (TEM, FEI Tecnai F30) for
microstructure analysis, selected area electron diffraction (SAED) for
determining the tissue composition of the second phase, and high-
resolution transmission electron microscopy (HRTEM) for analyzing
the microstructure and interfacial bonding between the matrix and the
second phase.

2.3. Mechanical performance tests

The drainage method was utilized to measure the density of the wire-
cut blocks. From this, the densities of the sintered samples were further
calculated. The hardness of the composites was tested utilizing a
microhardness tester (HVS-1000Z) (load of 1000 gf, loading time
maintained at 15s). The test samples are measured at five positions in a
specific order of arrangement, thus avoiding errors caused by the
specificity of the test positions. Subsequently, their mechanical prop-
erties in tension and compression were measured using a universal
testing machine (WDW-3100). The tensile samples were tested using
horizontally oriented (perpendicular to the laminar direction) I-beams
with four tests in each group to minimize errors. The microstructure and
fracture morphology of the tensile fracture were characterized and
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Fig. 1. Schematic diagram of the preparation process of laminated GFs(Ni)/HEA matrix composites.

analyzed using SEM. The compression experiments were conducted
along the laminar direction and perpendicular to the laminar direction,
and each group was also tested four times.

3. Results and discussion
3.1. The formation mechanisms of GFs(Ni)

Through the chemical plating process, the nickel element can form a
uniform and suitable thickness of cladding layer on the surface of the
GFs. The surface of the GFs is roughened by ultrasonic cleaning and
magnetic stirring. During the sensitization of the GFs in stannous chlo-
ride solution, the following hydrolysis reactions of stannous chloride
occur [31,32] :

SnCly, + HyO = Sn(OH)CI| + H" + CI- 6h)

During the sensitization procedure, Sn?>* was distributed relatively
uniformly on the morphology of the GFs surface without obvious pref-
erential attachment. In order to facilitate the subsequent activation
process, Sn>* could fully react with Pd?* to generate Pd element. It was
necessary to inhibit the hydrolysis reaction of Sn(OH)Cl as shown in Eq.
(1). Therefore, it is necessary to add HCl content to the sensitization
process. Following the activation of the GFs in palladium chloride so-
lution, for ensuring a sufficiently high level of Sn2+ for the reduction of
elemental Pd. It was necessary to inhibit the oxidation reaction of Sn>*
to generate Sn** as shown in Eq. (3), and thus the concentration of
concentrated hydrochloric acid was reduced in the activation solution to
lower the concentration of H' in the solution [33] :

Sn** 4+ Pd*" = Sn*t + Pd 2

25n* +4HY + 0, = 25n*t+2H,0 3)

In the process of activation, Pd element has two tendencies. One
tends to be enriched at the edges or folds of GFs, whose surface-active
functional groups can promote the growth of Pd element; the other
tends to react with Sn?* at Sn?" to generate Pd element. Finally, during
the formation of the nickel plating layer, Ni%" is reduced to generate Ni
attached to the surface of GFs with Pd element as the autocatalytic active
center. In the plating solution, nickel sulfate hexahydrate, as the main

7616

source of Ni2+, reacts with Hy PO3 under alkaline conditions to generate
Ni by redox reaction, as shown in Eq. (4), and finally forms a metallic
nickel particle cladding layer on the surface of GFs.

H,PO,” +Ni*" +30H™ = Ni + HPO3* +2H,0 (€)]

Different chemical plating time has different effects on the metal
plating layer, so the pre-experiment of 0-30 min was carried out
respectively, as shown in Fig. 2. It is obvious that after 10 min of mag-
netic stirring, the nickel film is not well-deposited on the GFs and the
thickness of the deposition is thin due to the insufficient reaction caused
by the short time. After 20 min of magnetic stirring, the nickel film is
uniformly deposited on the GFs and the plating layer gradually becomes
thicker. After 30 min of magnetic stirring, with the continuous con-
sumption of the reactants, the plating concentration of the solution will
gradually decrease, and the deposition rate of nickel layer will also
decrease, when the deposition speed is also decreased. When the
deposition speed is less than the magnetic stirring peeling speed, so
there is a nickel layer peeling off the nickel layer, resulting in an uneven
phenomenon of the nickel layer. Therefore, 20 min was chosen as the
optimum plating time.

3.2. Microstructure characterization

Fig. 3 presents the XRD images of laminated high-entropy alloy
matrix composites with diverse GFs contents. The XRD results show that
there are two distinct phases in the composites, and the matrix is a
simple FCC structure of CoCrFeNiMn high-entropy alloy, which corre-
sponds to the (111), (200), (220), respectively. The phase of the CoCr-
FeNiMn HEA was not changed by the addition of GFs. As the content of
GFs increases, the diffraction peaks of the Cr;C3 phase increase. It is due
to high temperature and high pressure sintering that Cr reacts with C
very easily, leading to the formation of carbides, and thus the Cr;Cs
phase appears. N.D. Stepanov et al. [34] revealed that the element Cr is
the strongest metal carbide forming element in the CoCrFeNiMn HEA
system, and the appearance of the Cr;C3 phase was also found in the
study, thus confirming that the element Cr is the strongest metal carbide
forming element in this HEA. Similarly, H. Xu et al. [35] research on
graphene-coated CoCrFeMnNi high-entropy alloy matrix composites
found that the Cr;Cs3 phase also appeared with increasing time of ball
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Fig. 2. SEM images of GFs at different nickel-plated times: (a-d) 0, 10, 20, 30min.
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Fig. 3. XRD images of laminated GFs(Ni)/HEA matrix composites with
different GFs contents.

milling.

Fig. 4 shows the SEM image of the block cross-section of the com-
posites after sintering. The microstructure of the composites has obvious
laminar organization (As shown in Fig. 4). The flaky CoCrFeNiMn HEA
particles constitute “bricks”, and the crushed HEA powder constitutes
“mortar”, which together constitute the pearl laminar structure. The
flaky HEA powder will be aligned in sequence under the action of
gravity, and gradually converge to the same, so the flaky powder met-
allurgy method can be a better preparation of composites with laminar
structure. The white phase is the matrix phase of CoCrFeNiMn HEA in
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the composites, and the gray phase and black phase are the second phase
generated after sintering. The gray phase is uniformly distributed be-
tween the composites and its amount is affected by the content of GFs.
The black phase is concentrated between the “brick” layers. Fig. 4 (e, f)
shows the energy spectrum analysis of the black phase and gray phase in
the composites, respectively. The black phase is an oxidized phase,
which gathers at the broken particles between the flaky HEA powders,
indicating that oxygen was mixed in during the ball milling process and
combined with the crushed HEA particles. The gray phase is a carbon-
ized phase and is uniformly distributed with the composites. This is due
to the enhancement of atomic diffusion ability during the sintering
process in the high temperature environment of the sintering process,
which causes the intensification of the diffusion and reaction between Cr
and C elements, resulting in the formation of the carbonized phase.

3.3. Microstructure characterization by TEM

In order to further characterize the microstructure in the laminated
GFs(Ni)/HEA matrix composites, TEM was characterized on the 5 vol%
GFs(Ni)/HEA matrix composites. Fig. 5 shows the TEM elemental dis-
tribution images of the microstructure in the laminated GFs(Ni)/HEA
matrix composites. Co, Fe, and Ni elements are homogeneously
distributed in the composites, and Cr, Mn, O, and C elements are locally
aggregated in the composites. The distribution of Cr, Mn, O, and C el-
ements has a certain pattern. The similarity of the distribution areas of
Cr and C elements indicates that a chemical reaction has occurred be-
tween Cr and C. The sintering process led to the enhancement of the
diffusion capacity of the elements. The C element to fully diffuse and
synthesize the second phase with Cr. The similar distribution of Mn and
O elements indicates that the O element combines with Mn, which is
caused by the mixing of oxygen in the experimental process. The full
diffusion of the elements after vacuum hot-pressing sintering also led to
the full combination of Mn and O to produce another second phase.
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19 nm

Fig. 4. SEM images of the GFs/HEA matrix composites: (a) 5 vol% GFs; (b-d) 5, 10, 15 vol% GFs (Ni); (e) (f) energy spectra of oxide and carbide phases, respectively.

Fig. 6 shows the TEM images of the microstructure of the laminated
GFs(Ni)/HEA matrix composites. As shown in Fig. 6(a), the micro-
structure of the composite mainly consists of the matrix phase, the oxide
phase and the carbide phase, which is the same as the results in Fig. 5. As
can be seen in Fig. 6(b), a large number of dislocations and twin crystals
exist in the composite. Numerous dislocations are distributed around the
twin, which indicates that there is a certain connection between the twin
crystals and the generation of dislocations. Fig. 6(c, e) and (d, f) show
the diffraction patterns and the HRTEM of the twin crystals and the
matrix, respectively, and it is known that the lattice spacing of both the
twin crystals and the matrix is 0.204 nm by Fast Fourier Transform (FFT)
of the HRTEM. The presence of numerous dislocations and lattice ab-
errations in the matrix is found through the FFT of the matrix. Because of
the different coefficients of thermal expansion of the matrix and the
second phase. Their deformation disparity produces thermal mismatch
stresses and lattice distortions during temperature changes, resulting in
massive dislocations. The presence of a large number of defects and
lattice distortions at the grain boundaries leads to a high distortion en-
ergy at the grain boundaries. When dislocations move to the grain
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boundaries, they are hindered and entanglement and plugging occurs.
CoCrFeNiMn high-entropy alloy mainly focuses on the dislocation slip at
the initial deformation stage, and the dislocations are hindered when
they are moved to the grain boundary or the second-phase particles.
After numerous dislocations are hindered, the deformation induces
twinning, with stacked layer dislocations as the core of the deformation
twinning nuclei [36]. The creation of the second phase increases the
density of the phase boundary, creating an additional obstacle for
dislocation slip and thus promoting strain hardening. The continuous
generation and entanglement of dislocations and the continuous for-
mation of new twins lead to an increasing interface density. Conse-
quently, the composites contribute significantly to the synergy of
plasticity and strength through multiple deformation mechanisms (i.e.,
dislocation slip, entanglement, twinning, etc.). In addition, the com-
posites have improved strength through solid solution strengthening and
increased interfacial density. Plasticity is enhanced by dislocation shifts,
phase transitions, etc. [37].

Due to the existence of two different second phases in the compos-
ites, he bonding of the 2 s phases to the matrix are unknown. Therefore,
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Fig. 5. TEM elemental distribution images of laminated GFs(Ni)/HEA matrix composites.

further HRTEM characterization was performed separately. Fig. 7(a, b,
e) and (c, d, f) show the TEM images and diffraction patterns of the
contact interface between the oxide phase, the carbide phase and the
matrix. According to the results of the diffraction pattern, it can be seen
that the oxidized phase is Mn207, and the lattice spacing d is 0.496 nm,
while the carbonized phase is Cr;Cs, and the lattice spacing is 0.605 nm,
which coincides with the results of XRD and EDS. In the HRTEM images
of the oxide and carbide phases, it can be seen that the oxidized and
carbonized phases are well bonded at the interface with the matrix and
are in direct contact at the atomic scale. The mixing enthalpies of the
Fe-Co-Ni-Cr-Mn and C are negative, which facilitates the bonding with
C during the sintering process. Among them, Cr has a low enthalpy of
mixing with C and has a particularly strong binding force, so that Cr
reacts with C very easily. The HEA particles produce a large number of
broken particles during mechanical ball milling with residual air, so that
O undergoes an oxidation reaction with the Mn element. In addition, due
to the high-temperature and high-pressure environment of the sintering
process, although it makes the composite material obtain high densifi-
cation after powder metallurgy. The high-temperature environment also
makes the diffusion ability of each element increase, which makes the
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intensification of elemental segregation, and finally leads to the for-
mation of oxide phase and carbide phase. Therefore, the laminated GFs
(Ni)/HEA matrix composites mainly composed of three phases (FCC
solid solution in the matrix, MnyO; oxide phase, and Cr;Cs carbide
phase).

3.4. Mechanical properties

The density, hardness, tensile and compressive properties of lami-
nated GFs(Ni)/HEA matrix composites are shown in Fig. 8. High
densification i is an important parameter for composites to have good
properties. Hardness is also an essential parameter to indicate the soft-
ness or hardness of the composites. Density and hardness are also
necessary parameters to measure the mechanical properties at present.
From Fig. 8(a), it can be clearly concluded that the densities of the
composites with different GFs contents are all above 95 %, presenting
the high densities. Higher temperatures and higher loads are maintained
during the vacuum hot press sintering process, which leads to further
densification of the composites. The high densification ensures that
there are fewer voids or micropores in the composites, which results in
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Mn, O3

Fig. 6. TEM images: (a) microstructure of the composites; (b) dislocations and twins in the microstructure; (c, d) diffraction patterns of the twins and the matrix; (e,
f) HRTEM images of the twins and the matrix.
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Fig. 7. TEM and HRTEM images of the oxide and carbide phases of the laminated GFs(Ni)/HEA matrix composites: (a, b) TEM of the oxides and the HRTEM images
with respect to the matrix; (c, d) TEM of the carbides and the HRTEM images with respect to the matrix; (e, f) Diffraction patterns of the oxides and carbides.
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Fig. 8. Images of mechanical properties of laminated GFs(Ni)/HEA matrix composites: (a) densities and hardness; (b) tensile curves; (c) compression curves in
parallel laminate direction; (d) compression curves in perpendicular laminate direction.

fewer sources of crack initiation during plastic deformation and excel-
lent mechanical properties. 15 vol% GFs content of the composites
shows a slightly larger difference in densification than the other com-
posites. This is due to the increase in GFs, agglomeration phenomenon
occurs, which leads to the formation of micropores locally. 5 vol% GFs/
HEA The hardness of the 5, 10, 15 vol% GFs(Ni)/HEA matrix composites
were 298.5, 308.0, 315.5, 377.6 HV, respectively. Vickers hardness
showed an increasing trend with the increase of GFs content. As shown
in Fig. 8(b), the tensile curves of the composites with different GFs
contents all showed a yielding stage first, followed by plastic deforma-
tion and finally fracture. The tensile strengths of 5 vol% GFs content of
HEA, 5, 10, 15 vol% GFs(Ni) content of HEA matrix composites were
786.62 MPa, 834.04 MPa, and 703.41 MPa, respectively. And the post-
break elongation was 25.95 %, 26.58 %, 21.56 %, and 18.3 %, respec-
tively. The difference in strength of composites is due to two factors. On
the one hand, due to the increase of reinforcing phase content, which
leads to more second phase strengthening. On the other hand, it is due to
the greater strength of graphene itself. The GFs content leads to the
elevated strength of the composite [38].

Due to the anisotropy of the laminated structure, the properties of
the laminated structure in different directions differ greatly. Compres-
sion experiments were carried out on different directions of the lami-
nated structure to verify that the laminated structure can have the
synergistic effect of strength-plasticity in the parallel laminar direction.
Fig. 9(c and d) shows the compression curves in parallel and perpen-
dicular laminate directions, respectively. When the content of GFs is
low, the composites possess good plasticity. This resulted in the
compression experiments not easily destroying the samples, so only

7622

compression curves with 50 % of compressive strain were taken. The
compressive strengths in the parallel laminar direction are 1864.12
MPa, 2069.66 MPa, 1622.01 MPa, 1047.14 MPa, respectively. The
compressive strengths in the perpendicular laminar direction are
2276.34 MPa, 2418.45 MPa, 2205.28 MPa and 1577.64 MPa, respec-
tively. The laminate structure can obtain a better strength-plasticity
synergy, while the appropriate incorporation of GFs can effectively
enhance the strength of the composites. For the same material, under the
same stress conditions, when the bearing area is larger, its bearing ca-
pacity is stronger. Therefore, when the pressure perpendicular to the GFs
bearing capacity should be stronger than parallel to the direction of the
GFs, so that its compression strength is relatively large. The large dif-
ference in compressive strength between parallel and perpendicular
laminae indicates the anisotropy of the laminae. Q. Zhang et al. [39] also
found anisotropy in the compressive properties of laminated aluminum
matrix composites when studying their mechanical properties. A. Shaga
et al. [40] conducted compression experiments on Al-Si-Mg/SiC lami-
nated composites and found that the compressive strengths loaded in
different directions were different. All these results verify the existence
of anisotropy in materials with a laminated organization. When sub-
jected to external forces, the anisotropy of the lamellar organization
leads to different forces in different directions. Moreover, GFs are also
internally distributed along parallel laminar directions, which concen-
trates greater loads and consumes more energy during both tensile and
compressive processes. Therefore, the combined effect of the laminate
structure and GFs leads to obtaining more excellent mechanical prop-
erties of laminated GFs(Ni)/HEA matrix composites.
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Fig. 9. SEM fracture morphology of tensile tests: (a, ¢, €) Laminated 5 vol% GFs/HEA matrix composites; (b, d, f) Laminated 5 vol% GFs(Ni)/HEA matrix composites.

3.5. Fracture behavior

SEM observations were carried out on the fracture morphology of the
tensile test so as to analyze the strong toughening mechanism and
fracture mechanism of the composites, the SEM images are shown in
Fig. 9. Fig. 9 (a, ¢, e) and (b, d, f) are the tensile fracture morphology of
GFs and GFs(Ni) composites with 5 vol% content, respectively. From the
tensile fracture morphology images, it can be seen that both the lami-
nated GFs/HEA and GFs(Ni)/HEA matrix composites exhibit a distinct
laminated structure. The composites with GFs(Ni) showed a more pro-
nounced laminated structure relative to the fracture phase appearance
of the composites with uncoated GFs with nickel. It is obvious that the
composites have a clear laminated structure as shown in the two figures
of Fig. 9(a and b) at low magnification. The “brick” structure is
composed of flaky HEA particles, while the GFs and broken particles are
mixed to form a “mortar” structure.

In Fig. 9(c and d), numerous cracks in the fracture profile of the
composite. These cracks are distributed in the “mortar” position and
along the “brick” structure. Moreover, extracted GFs are found in the
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tensile fracture, and it can be inferred that the laminated structure
prevents the cracks from expanding and changes the direction of crack
expansion. Fig. 9 (e, f) shows high magnification SEM images of the
fracture morphology, which demonstrates extensive dimples. The pres-
ence of numerous dimples proves that the fracture of composites is a
typical ductile fracture process. Second phase particles are present in the
dimples is due to the dislocations moving to the second phase particles
for entanglement and stacking during the tensile process. The different
plasticity of the matrix and the second phase particles. When fracture
occurs due to stress concentration up to the fracture strength, it leads to
the creation of dimples around the stiffer second-phase particles.

3.6. Strengthening and toughening mechanism

On the basis of the SEM and TEM results images, the strengthening
and toughening mechanism of the laminated GFs/HEA matrix compos-
ites was plotted, as shown in Fig. 10. During the loading process,
microcracks gradually form and grow, and converge in the “mortar”
layer. As the tensile process proceeds, the micro-cracks and micro-holes
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Fig. 10. Schematic diagram of strengthening and toughening mechanism of laminated GFs/HEA matrix composites.

gradually merge and expand to form cracks Deflection of cracks due to
the presence of the “pearl-like layer” of laminated structure [41]. C.
Ferraro et al. [42] also studied Alo03/Al-4 wt. %Mg layered composites
and visualized crack deflection due to the layered structure by optical
microscopy and electron scanning microscopy. Crack deflection will
make the crack extension path become curved, and the energy
consumed for crack extension into a curved path will be much more than
that for linear extension, so the stress release from crack deflection will
be more, which contributes to improve the composites plasticity and
toughness [43,44].

A variety of strengthening mechanisms exist in the laminated GFs
(Ni)/HEA matrix composites. The plastic deformation that occurs during
ball milling of HEA powder results in a large amount of residual stress in
the composite, which prevents the movement of dislocations and pro-
duces strain reinforcement. In addition, as can be seen from the TEM
images in Fig. 5, the grains of the HEA matrix composites are small,
almost all of them are in the nanometer scale. The fine grains lead to the
increase of grain boundaries, which will hinder the dislocations from
moving across the grains and plugging at the grain boundaries, resulting
in fine grain strengthening. During the sintering process of GFs, part of
the carbon element will solidly dissolve into the HEA matrix to conduct
solid solution strengthening. The solid solution of C elements into the
HEA matrix results in a certain degree of distortion of the crystal lattice,
which generates a micro-area stress field near the distortion region. The
micro-area stress field will hinder the dislocations and makes it difficult
to move the dislocations, and thus improves the strength of the com-
posites. The micro-structure of the composites consists of HEA matrix,
carbide phase and oxide phase. The appearance of the second phase
particles (carbide and oxide phases) similarly impedes the dislocation
motion and produces second phase strengthening. When the dislocations
encounter the carbide and oxide phase, the second-phase particles will
cause some obstruction to the movement of dislocations, making the
dislocation movement difficult. Therefore, the strength of composites is
further increased by the second phase reinforcement. The reinforcing
phase has an effective load transfer, which is also one of the ways of
effective reinforcement. Among them, good interfacial bonding is the
guarantee of effective load transfer. L. Meng et al. [45] prepared gra-
phene nano-sheets magnesium matrix composites, which have good
interfacial bonding, resulting in composites with better reinforcement
than other magnesium matrix composites.

Differences in the thermal expansion coefficients of the GFs and the
HEA matrix lead to thermal mismatch strengthening. Thermal mismatch
generates localized residual stresses between the reinforcement and
matrix, which causes an increase in dislocation density. The increase in
dislocation density makes the dislocations more susceptible to entan-

glement and impedes the movement of the dislocations, which further
strengthens the composite [46]. L. Shen et al. [46] similarly found
thermal mismatch strengthening of the reinforcing phase with the ma-
trix in their experiment via the analysis of the reinforcement mechanism
of FeCrNiCo HEAs by micrometer TiC and nano-SiC particles. According
to W.S. Miller et al. [47] the following equation was proposed:

64= aGbp? 5)
1.2ATACF,
P="ha ©

where « is the dislocation enhancement factor, G is the shear modulus, b
is the Bergner vector, p is the dislocation density, AT is the temperature
change, AC is the coefficients of thermal expansion, d is the reinforce-
ment size and Fv is the volume fraction. Combined with Eq. (5) and (6),
it is further revealed that the thermal expansion coefficients of GFs are
different from those of the HEA matrix, which leads to an increase in the
dislocation density. This leads to an increase in residual stresses and
dislocations, which improves the strength of the composite. Which im-
proves the strength of the composite. Thereby, the strength of the
composites is increased. Therefore, during the process of tensile frac-
ture, due to the presence of different second-phase particles in the
composite, which will lead to localized inhomogeneities in the defor-
mation. As the plastic deformation continues, micropores are formed in
the most severely deformed regions (at the second phase particles).
Under continuous external tensile loading, the micropores gradually
expand and merge to form holes. The holes begin to grow and accu-
mulate, eventually forming cracks and leading to failure of the
composite.

4. Conclusion

In this study, GFs(Ni)/HEA matrix composites with laminated
structure were fabricated successfully by using flake powder metallurgy
technique with VHPS method. The composites possessed excellent
strength-plasticity synergy. The main conclusions are as follows.

(1) The composites showed a unique “brick-mortar” pearly structure.
The flaky HEA particles constitute the “brick” structure, while the
GFs and the crushed HEA particles constitute the “mortar”
structure. The strength-plasticity synergy is realized by the rein-
forcement of GFs and the laminated structure.

(2) Optimal mechanical properties were obtained for 5 vol% GFs
(Ni)/HEA matrix composites. The tensile strength reached
834.04 MPa with an elongation of 26.58 %. The compressive
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(3)

strengths of parallel and perpendicular laminae at 50 % strain
reached 2069.66 MPa and 2418.45 MPa, respectively. The com-
posites possess excellent strength and maintain good plasticity.
The strengthening mechanism of composites is related to a vari-
ety of mechanisms (solid solution strengthening, fine grain
strengthening, second phase strengthening, dislocation twinning,
etc.). In addition, the laminate structure further strengthens the
composite by deflecting and hindering the cracks by virtue of its
anisotropy, maintaining its synergy of strength and plasticity.
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