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Abstract: Equiatomic AlCoCrFeNi high-entropy alloy (HEA) has gained significant interest in recent
years because of its excellent mechanical properties. A356 aluminum alloy reinforced by AlCoCrFeNi
HEA particles was fabricated by friction stir processing (FSP) and subsequent heat treatment. Solution
and aging treatments were specially performed for the composites to control the interface microstruc-
ture, and interfacial microstructure and tensile properties were explored at different conditions. The
interface between the matrix and HEA particles showed a dual-layered core–shell structure and the
thickness of the shell region increased with the solution time. The microstructure located in the shell
layers consisted of a solid solution with increasing aluminum content, in which a radial-shaped solid
solution phase formed in the region close to the core of the HEA particle and scattered solid solution
grains with high Ni content formed in the region close to the matrix alloy. The gradient of composition
and microstructure across the HEA/Al interface can be obtained through heat treatment, and an
optimal interface bonding state and mechanical property were obtained after solution treatment for
2 h. Compared with FSPed A356 aluminum alloy, the FSPed composite enhanced the tensile stress
by 60 MPa and the stain by 5% under the optimized conditions. The overgrowth of the shell layer
decreased both the tensile strength and the ductile greatly due to the formation of a radial-shaped
solid solution phase in the shell region.

Keywords: aluminum alloys; high-entropy alloys; metal matrix composites; friction stir processing;
microstructure; mechanical properties

1. Introduction

Aluminum matrix composites (AMCs) have attracted much attention for several
decades due to their low density, high strength, high specific stiffness, and low cost as
compared to unreinforced alloys [1–3]. Especially, particulate-reinforced aluminum matrix
composites can satisfy various applications due to the combined properties of Al matrix
and reinforcements [4,5]. Generally, ceramic particles can improve the Young’s modulus,
strength, and creep resistance of aluminum, but the ductility is usually limited by their
weak interface bonding [6]. Usually, a high mismatch interface between reinforcement
particles and matrix leads to dislocation pile-ups and a high work hardening rate. It has
been reported that the interphase between reinforcement particles and matrix can improve
the interface bonding [7,8], and the coherency of the interface can solve the strength–
ductility trade-off dilemma by the precipitation-assisted interface tailoring mechanism in a
TiB2/Al-Zn-Mg-Cu composite [9].

Due to the excellent properties of high-entropy alloys (HEAs) [10,11], HEA-reinforced
Al matrix composites were intensively studied recently [12,13]. Compared with ceramics,
HEAs have a better interface compatibility with metal matrix and tend to form good
metallurgical bonding [14]. Zhang et al. [15] reported that the good-bonding AlCoCrFeNi
HEAs in 2219 Al matrix significantly improved the strength and hardness. In addition,
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HEA particles could also play the role of inoculant during the casting process of AMCs,
refining grains and the secondary phase [16,17].

Recently, some studies showed that the balance between strength and ductility of
AMCs could be solved through forming appropriate interface products during the thermal
process [18–20]. In the (Ti-Al3Ti)/A356 composite, Ti particles with Al3Ti interface products
wrapped around them formed a so-called core–shell structure, leading to an unprecedented
tensile breaking elongation of 8.3± 0.8% [18]. The complex multi-interface of the core–shell
structure can effectively weaken the stress concentration both on and inside reinforcement
and restrain the propagation of the fracture [19]. The core–shell structure in HEA/Al matrix
is more complicated due to the multiple elements in AMCs [21,22]. The 5% AlCoCrFeNi/Al
composite with the dual-layered bilayer core–shell structure improved yield stress and
plasticity by 65.1% and 42.7%, respectively, as compared with the composite without
the core–shell structure [20]. At present, the specific structure of the core–shell in the
AlCoCrFeNi/Al composite is still unclear. Yang et al. [23] pointed out that the shell region
consisted of an Al13(CoCrFeNi)4 intermetallic and Al9Cr2 type intermetallic compound.
Liu et al. [20–22] recognized the microstructure in the shell zone as a solid solution in
AlCoCrFeNi/Al composites. The difference in the interface structure may be dependent on
the properties of reinforcement and matrix alloys as well as processing methods.

Spark plasma sintering technology is a common way to prepare HEA-reinforced Al
matrix composites, while a severe interface reaction might form multiple intermetallic
compounds and injure the properties of HEA-reinforced AMCs due to excessive interface
instantaneous current [14,23]. Comparatively, friction stir processing (FSP) is a solid-state
processing technique, which can avoid the severe interface reaction [24,25]. Gao et al.
fabricated an AlCoCrFeNi/5083Al composite without harmful intermetallic compounds
via FSP [26], which possess higher microhardness and wear resistance as compared to the
Al5083 base alloy.

Aluminum–silicon alloys are widely used in the automotive industry due to its low
cost, while the strength–ductility trade-off has been a long-standing dilemma for structural
application [18,19]. Composites produced by FSP can significantly improve the ductility
due to microstructural refinement [27]. However, the uniform distribution of reinforce-
ment requires a multi-pass process, resulting in a processing heat cycle and injuring the
reinforcing efficiency of particles [28]. In addition, it has also been reported that a proper
amount of interface products in multilayered composites can improve both strength and
ductility [29–31]. The formation temperature of the core–shell microstructure in an HEA-
reinforced Al matrix composite was reported as 560 ◦C [22], which is much higher than the
conventional T6 heat treatment (solution + aging treatment) temperature of cast aluminum
alloys. Strong milling and heat exposure during friction stir machining can effectively
reduce the activation energy of materials [32]. Therefore, it is feasible to properly heat-treat
the HEA/Aluminum-Silicon alloy prepared by FSP to obtain a core–shell microstructure.

In this investigation, AlCoCrFeNi HEA particles were used as reinforcement to fab-
ricate an AlCoCrFeNi/A356 composite with A356 aluminum alloy plates by the FSP
technique, and T6 heat treatment was carried out on the composites to control the interface
products and aimed to improve both strength and ductility. The interfacial microstructure
and mechanical properties were studied comparatively, and the evolution of the interface
microstructure and the fracture behaviors of the composite were discussed.

2. Experimental Materials and Methods
2.1. Materials

The chemical composition of A356 and AlCoCrFeNi particles is presented in Tables 1 and 2,
respectively. A356 aluminum alloy plates were machined into a size of 120 mm× 70 mm× 7 mm
for experiments. The AlCoCrFeNi particles were purchased from Yijin New Material Technology
Co., Ltd., Beijing, China.
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Table 1. Chemical composition of the A356 aluminum alloy measured by inductively coupled
plasma (ICP).

Element Si Mg Fe Mn Ti Al

(wt.%) 7.20 0.36 0.13 0.007 0.16 Bal.

Table 2. Chemical composition of the AlCoCrFeNi high-entropy alloy particles measured by ICP.

Element Al Cr Fe Co Ni

(at.%) 22.45 19.85 19.05 20.58 18.07

2.2. Composites Preparation

Figure 1a–d show the schematic of the production processing of the AlCoCrFeNi/A356
Al composite. First, a straight groove with a length of 90 mm, a width of 2 mm, and a
depth of 4 mm was machined at the middle of each workpiece plate (Figure 1a). The HEA
particles were filled into the groove and pressed tightly. Secondly, a pinless rotating tool
was adopted to cap the surface of the groove to avoid the spattering of reinforcement
particles in the next step (Figure 1b). Finally, a three-pass FSP was carried out in the
same direction along centerline of the preprocessed weld to disperse the HEA particles
(Figure 1c). The pin tool for FSP was made by H13 hardened steel with a shoulder diameter
of 20 mm, a pin diameter of 10 mm with a right thread, and a pen length of 4.5 mm. The
parameters of rotating speed, travel speed, plunged depth, and tilting angle were 1200 rpm,
20 mm/min, 0.2 mm, and 2◦, respectively. In order to adjust the interface microstructure,
the FSPed AMCs were solution-heat-treated at 525 ◦C for different times and artificially
aged at 175 ◦C for 6 h, and temperatures and times for the heat treatment processes were
as shown in Figure 2. The composite samples were maintained at 525 ◦C for 2 h, 4 h, 6 h,
and 8 h respectively, which were named ST2, ST4, ST6, and ST8 correspondingly. The heat
treatment was conducted in a resistance furnace with an accuracy of approximately ±1 ◦C.
For comparison, A356 alloy plates were proceeded using the same FSP parameters as well,
and the FSPed Al sample underwent solution treatment for 2 h named as ST2′.
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Figure 2. Sketch of the heat treatment processes of FSPed HEA/A356 Al composites, and FSPed A356
Al conducted solution treatment for 2 h following with the aging treatment.

The samples with a gauge section of FSPed Al and FSPed AMCs used for tensile
tests were cut from the stirred zones along the FSP advancing direction (Figure 1d). In
addition, samples of the A356 aluminum plate, FSPed Al, and FSPed AMCs were cut from
the cross-section perpendicular to the FSP direction according to the schematic shown in
Figure 1d.

2.3. Characterization

Both the as-received and as-processed samples used for microstructural examination
were mounted and mechanically polished. Keller’s reagent (95% distilled water + 2.5%
HNO3 + 1.5% HCl + 1% HF) was used to reveal the microstructures of these samples. Met-
allographic examination was completed using optical microscopy (OM, ZEISS SUPRA 35)
and scanning electron microscopy (SEM, JEOL 7800F, Tokyo, Japan) equipped with an
electron back scattered diffraction (EBSD, Symmetry S3, Oxford Instruments, Oxford, UK)
detector. The samples used for EBSD examination were electrically polished in a solution of
10%HClO4 and 90% absolute ethanol at minus 20 ◦C at 20 V for 25 s to produce a strain-free
surface. The EBSDs were operated at an accelerating voltage of 20 keV with a scanning step
size of 0.15 µm, and phase identification was performed with software Xpert Highscore
2.0 (Empyrean, PANanalytical B.V., Almelo, The Netherlands) using the reference patterns
of the Joint Committee on Powder Diffraction Standards (JCPDS) 9–348 and 9–169 for
α-TCP and β-TCP, respectively. The JEOL 7800 F Scanning electron microscope (SEM)
equipped with an energy-dispersive spectroscopy (EDS) probe was adopted to observe the
morphology of powders and the microstructure in the stirring zone (SZ), and to detect the
element distribution across the HEA/Al interface. The tensile test was carried out on the
universal mechanical tensile testing machine at a setting loading rate of 0.5 mm/min at
room temperature. The scanning electron microscope was also used to observe the fracture
morphology of tensile testing. The volume fraction of HEA particles was calculated from
the optical images. During the statistical process, the influence of the Si phase and other pre-
cipitates had been eliminated through ImageJ (1.8.0). The average thicknesses of the shell in
the core–shell structures were calculated according to statistical datasets of the SEM image
with over 50 reinforced particles. The failure fraction of the reinforcement was calculated
according to the area proportion of the core–shell structure on the fracture surface.

3. Results
3.1. Microstructural Characterization

Figure 3 shows the features of the as-received particles, in which the as-received HEA
particles were almost spherical and displayed a uniformly unimodal size distribution with
an average diameter of 6.2 µm (Figure 3b). The XRD pattern of the AlCoCrFeNi HEA
particles from Figure 3c presented a single BCC structure.
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size distribution, and (c) the XRD pattern of particles.

Figure 4a,b display the microstructures of the rolled A356 plate and the stirred zone
of the FSPed A356 plate. The rolled plate showed deformed primary grains along the
transverse direction with an inhomogeneous Si particles distribution on the orientation.
FSP effectively transformed the Si particles into a uniform distribution and refined the size
of primary grains and Si particles.
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Figure 4. Optical micrographs showing (a) the microstructure of the rolled A356 aluminum plate,
and (b) the microstructure of the stirred zone of as-FSPed A356.

Figure 5 shows the optical micrographs of FSPed AlCoCrFeNi/A356 composites on
the cross-section and the microstructure from the different locations of the SZ. After a three-
pass processing, the HEA particles distributed uniformly in all areas of the SZ without a
marked cluster and defect. The volume fraction of HEA particles in the matrix alloy was
determined as 5%.
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Figure 5. (a) Optical micrograph of the cross-section of the FSPed AMCs, and the microstructures in
(b) region b, (c) region c, (d) region d, (e) region e, and (f) region f shown in Figure 5a.

Figure 6 presents SEM images of the interface structure between the HEA particle
and Al matrix in the FSPed AMCs under different heat treatment times. The interface of
the composites had a good metallurgical bonding between the HEA particle and matrix
(Figure 6a), and only few gray phases marked as Phase 1 in Figure 6b could be observed at
the interface, which suggested that little interface reaction between the HEA particle and
the matrix metal took place during the FSP. It could be found that a ring-shaped shell zone
with a two-layer structure generated around the HEA particle after solution treatment for
2 h (Figure 6c). Upon the solution treatment time increasing from 2 h to 8 h, the thicknesses
of the shell zone gradually increased. Once the solution treatment time reached up to 8 h,
the core part of small HEA particles ultimately disappeared due to the increase in thickness
of the shell zone (Figure 6f). Generally, the microstructure of the shell zone consists of
two kinds based on morphologies (Figure 6d,e), which depicts the shell zone as two layers.
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Based on the microstructure shown in Figure 6f, the layer close to the core zone is
named layer I, in which the morphology of the microstructure is a centripetal radial pattern;
while the layer close to the matrix alloy is named Layer II, in which some white phases
similar to phase 1 shown in Figure 6b scatter at the edge of this region. Owing to the
generation of the shell zone during solution treatment, the sharp interface of HEA/Al in
as-FSPed samples evolved into complex triple-layer interfaces at the HEA core/Layer I,
Layer I/Layer II, and Layer II/Al matrix, and the dual-layered shell zone and the core
zone of HEA particles exhibited a so-called core–shell structure. The average thicknesses of
the shell zone in samples of SH2, SH4, SH6, and SH8 were determined as 0.9 µm, 1.4 µm,
3.5 µm, and 5.8 µm respectively.

Figure 7a,b display the elemental distribution at the interface of as-FSPed AMCs.
The FSPed AMCs showed distinctive elements’ content variance at the interface between
the HEA core and Al matrix, although the distribution of alloy elements within the HEA
particle were almost uniform. For the ST8 sample, a transition zone was formed with the
decrease in content of Al and increase in content of Co, Cr, and Fe elements from the matrix
to the core of the HEA particles, which corresponded to Layer I and Layer II in Figure 6f.
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The Ni element appeared with a little more aggregation in Layer II, while Si exhibited a
markedly higher solid solubility in the shell than in the matrix. Table 3 lists the EDS results
of several positions marked in Figure 7a,b to identify the constitution phases. The chemical
elements of point 1 mainly consisted of Al combined with a small amount of Mg and Si, and
the atomic ratios of Co, Cr, Fe, and Ni were nearly equal. The chemical elements marked as
point 2 almost retained nearly atomic ratios for Co, Cr, Fe, and Ni, but the content of the
Al element had a slight increase compared with that of raw HEA particles. The chemical
elements located at point 3 and point 4 almost maintained approximately an equal atomic
ratio of Co, Cr, and Fe with an increasing aluminum content according to Figure 7b, but the
white phase marked as 4 in Figure 7b had a higher Ni content than that of point 3. Point 5
was an aluminum matrix with few Si and Mg contents. The contents of Si and Mg were
almost the same for phases of point 1 and point 5, suggesting that the phase marked as
1 might be a mechanical mixture of matrix and HEA chips.
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Table 3. EDS results from different positions shown in Figure 7.

Element Al Co Cr Fe Ni Si Mg

Point 1 (at.%) 91.8 1.4 1.9 1.7 1.6 0.5 1.1

Point 2 (at.%) 28.6 18.0 17.6 18.1 17.3 0.5 0.0

Point 3 (at.%) 76.9 4.4 6.1 5.4 2.1 5.0 0.0

Point 4 (at.%) 82.6 3.1 3.4 3.7 2.7 4.5 0.0

Point 5 (at.%) 98.5 0.0 0.0 0.0 0.0 0.5 1.0

The high-resolution XRD results of as-received particles, the as-received A356 plate,
as-FSPed samples, and the ST8 sample are presented in Figure 8. Compared with the
XRD results of A356 aluminum alloys, the intensity of XRD peaks of as-FSPed AMCs
increased greatly at 38◦ and 44◦ for the addition of HEA particles, while they decreased to
the previous level in the ST8 sample for the sake of the heat treatment. No new diffraction
peaks were detected in the as-FSPed sample and the ST8 sample compared to those in the
A356 alloys and HEA particles; similar results were reported by Li et al. [33]. The results
suggested that HEA particles can maintain thermal stability to a certain degree, and that
no new phase generated during the FSP and the heat treatment.
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Figure 8. XRD patterns of samples of as-received HEA particles, as-FSPed A356, as-FSPed AMCs,
and ST8.

3.2. Mechanical Properties

Figure 9 presents the tensile stress–strain curves of these studied samples, and some
phenomena can be observed. First, as-FSPed A356 had a large decrease in tensile strength
and a large increase in tensile strain compared with the results of the A356 plate, while the
tensile strength of as-FSPed AMCs had a slight improvement over that of as-FSPed A356.
Solution treatment for 2 h could improve the tensile strength greatly with a decrease in
strain, and it should be noted that ST2 exhibited the largest tensile strength amongst these
samples. Secondly, though the A356 plate was a deformed plate and exhibited deformed
primary grains, its tensile strength and strain were much lower than those of ST2. In
addition, ST2 had great increases in strength and strain by 60 MPa and 5%, respectively,
compared with those of ST2′, though the strength behavior for ST2′ was the same as that of
ST2 owing to the same matrix alloy and heat treatment.
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Figure 9b displays the effect of solution time on the tensile stress–strain curve. ST2
had an obviously improved tensile strength with acceptable strain. When the solution
treatment time increased from 2 h to 8 h, both the tensile strength and the strain of the
samples decreased subsequently.

3.3. Fracture Morphology

Figure 10 displays the tensile fracture surfaces of the A356 plate, as-FSPed Al, and
as-FSPed AMCs with different solid solution times. For all these samples, many dimples
could be found and had a uniform distribution on the matrix, which were of a typical
ductile dimple morphology. For the fracture surface of the A356 plate shown in Figure 10a,
there were also lots of cracked Si phases and holes where the Si phase was dropped on,
and with bits of small dimples. In contrast with the A356 plate, the size of dimples on the
fracture surface of the as-FSPed Al and AMCs appeared much finer with a more abundant
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number (Figure 10b,c), especially in the as-FSPed AMCs. Meanwhile, cracked Si particles
still appeared on the fracture surface of the FSPed Al, but they disappeared on the fracture
surface of AMCs.

Materials 2023, 16, x FOR PEER REVIEW  11  of  19 
 

 

could be  found and had a uniform distribution on  the matrix, which were of a  typical 

ductile dimple morphology. For the fracture surface of the A356 plate shown  in Figure 

10a, there were also lots of cracked Si phases and holes where the Si phase was dropped 

on, and with bits of small dimples. In contrast with the A356 plate, the size of dimples on 

the fracture surface of the as‐FSPed Al and AMCs appeared much finer with a more abun‐

dant number (Figure 10b,c), especially in the as‐FSPed AMCs. Meanwhile, cracked Si par‐

ticles still appeared on the fracture surface of the FSPed Al, but they disappeared on the 

fracture surface of AMCs. 

For as‐FSPed AMCs shown in Figure 10b, only few HEA particles could be observed 

on the fracture surface of the ST2. For the fracture surface of ST2 shown in Figure 10c,d, 

fractured particles  appeared  frequently  on  the  fracture  surface,  and  interface‐induced 

debonding with dimples at the interface between the shell and the core of HEA particles 

showed on the fracture surface. 

With the increase in solution treatment time, the number of fractured HEA particles 

increased gradually, and the fracture form of core–shell structures on the fracture surface 

finally  evolved  into  brittle  fracture  characteristics  together with many more  cleavage 

planes on the fractured HEA particles (Figure 10j). 

 

   

   

Materials 2023, 16, x FOR PEER REVIEW  12  of  19 
 

 

   

   

Figure 10. Fracture micromorphology of tensile samples: (a) A356 plate, (b) as‐FSPed Al, (c,d) as‐

FSPed AMCs, (e,f) ST2, (g,h) ST4, and (i,j) ST8. 

4. Discussion 

4.1. Core–Shell Microstructure and Formation Mechanism 

After solution treatment, ST2 exhibited a higher tensile strength and a higher strain 

compared with ST2′, suggesting that the evolution of the interface microstructure in the 

composite contributed to the improvement of both the ductility and the strength. FSP and 

heat  treatment were applied to fabricate this AMC  in this  investigation, the processing 

temperature of the composite was low due to the solid‐state processing technique for FSP 

[32,34–36], and the solution treatment was performed at 525 °C. Based on the microstruc‐

ture of the as‐FSPed AMCs, a core–shell microstructure was achieved for the HEA/Al in‐

terface in the composite via heating treatment, and a long solution time can lead to a wide 

transition zone at the edge of the HEA particles. The shell layer shown in Figure 7b had a 

distinct increase in aluminum content, and the contents of Co, Cr, Fe, and Ni almost main‐

tained approximately atomic ratios (Table 3), resulting in a transition zone for the content 

of alloying elements from the core zone to the matrix. Figure 11 compares the distribution 

of alloy elements along the interface between the HEA particle and matrix, showing the 

results of elements linear scanning results of the as‐FSPed AMCs and ST8. Both samples 

showed a gradient decrease for Co, Cr, and Fe and a gradient increase for Al from the core 

zone of HEA particles to the matrix alloy; a longer solution treatment time led to a wider 

transition zone. 

Figure 10. Fracture micromorphology of tensile samples: (a) A356 plate, (b) as-FSPed Al, (c,d) as-
FSPed AMCs, (e,f) ST2, (g,h) ST4, and (i,j) ST8.



Materials 2023, 16, 2234 11 of 18

For as-FSPed AMCs shown in Figure 10b, only few HEA particles could be observed
on the fracture surface of the ST2. For the fracture surface of ST2 shown in Figure 10c,d,
fractured particles appeared frequently on the fracture surface, and interface-induced
debonding with dimples at the interface between the shell and the core of HEA particles
showed on the fracture surface.

With the increase in solution treatment time, the number of fractured HEA particles
increased gradually, and the fracture form of core–shell structures on the fracture surface
finally evolved into brittle fracture characteristics together with many more cleavage planes
on the fractured HEA particles (Figure 10j).

4. Discussion
4.1. Core–Shell Microstructure and Formation Mechanism

After solution treatment, ST2 exhibited a higher tensile strength and a higher strain
compared with ST2′, suggesting that the evolution of the interface microstructure in the
composite contributed to the improvement of both the ductility and the strength. FSP
and heat treatment were applied to fabricate this AMC in this investigation, the process-
ing temperature of the composite was low due to the solid-state processing technique
for FSP [32,34–36], and the solution treatment was performed at 525 ◦C. Based on the
microstructure of the as-FSPed AMCs, a core–shell microstructure was achieved for the
HEA/Al interface in the composite via heating treatment, and a long solution time can
lead to a wide transition zone at the edge of the HEA particles. The shell layer shown in
Figure 7b had a distinct increase in aluminum content, and the contents of Co, Cr, Fe, and
Ni almost maintained approximately atomic ratios (Table 3), resulting in a transition zone
for the content of alloying elements from the core zone to the matrix. Figure 11 compares
the distribution of alloy elements along the interface between the HEA particle and matrix,
showing the results of elements linear scanning results of the as-FSPed AMCs and ST8.
Both samples showed a gradient decrease for Co, Cr, and Fe and a gradient increase for Al
from the core zone of HEA particles to the matrix alloy; a longer solution treatment time
led to a wider transition zone.
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Based on the morphological characteristics of the microstructure at the interface between
HEA particles and matrix alloy, a two-layer structure was formed in the investigated AMCs,
in which Layer I had only one phase and Layer II had two phases. Based on Figures 7 and 11,
Layer I corresponded to a Ni-poor region, while Layer II corresponded to a Ni-rich region. A
reaction product was detected at the interface by TEM in the FSPed HEA/5083 composite [25],
but only the HEA particle and the matrix alloys could be detected based by XRD in this research.
This suggested that these phases located in the shell zone maintained the BCC-type or FCC-
type lattice structure, in which the aluminum content changed greatly but the atomic ratio
of Co, Cr, Fe, and Ni alloying elements almost maintained equality. The crystal structure of
the AlCoCrFeNi HEA alloys depended on the aluminum content due to the lattice distortion.
Hence, the change in XRD Bragg peaks intensity of the AMCs before and after solution heat
treatment indicated that the phases in the shell should still be Al-based solid solution.

Considering the distribution of Ni content in the shell zone, these white grains dis-
tributed in the Layer II can be regarded as a kind of solid solution with high Ni content,
and these gray phases constructing Layer I could be regarded as a kind of solid solution
with low Ni content. The formation temperature of the core–shell microstructure was lower
than the minimum temperature reported in previous studies, in which alloying elements in
HEA began to diffuse in a large scale and to form a transition layer at interfaces between
the HEA particle and the matrix alloy [20]. Obviously, the core–shell microstructure in this
investigation indicated that the mechanically activated effect and heat treatment actually
contributed to the formation of a shell layer.

Alloying elements’ diffusion fluxes during the heat treatment played a critical role
in the formation of the core–shell structure. Based on the distribution of the aluminum
element, the diffusion direction of Al, Co, Fe, Cr, and Ni was from high concentration to
low concentration in the large range in the interface, so there was a gradient increase and
decrease in element content from the core zone of HEA particles to the matrix alloy. The
diffusive flux is always positive in the diffusion direction, and it has been known that the
diffusion direction relates to the reduced chemical potential. Thus, the diffusive flux was
proportional to the concentration gradient based on Fick’s first laws. Comparatively, the Al
content in the matrix was about 90%, which was much greater than the Al content in the
HEA particles, and the diffusion coefficient of aluminum atoms was significantly higher
than that of other solute atoms in the HEA alloy [37]. However, it has been pointed out
that Ni was enriched at the edge of the original HEA particle. It has been reported that
the electronegativities of Cr, Co, Fe, Ni, and Al atoms are 1.66, 1.88, 1.83, 1.91, and 1.61,
respectively, meaning that Ni atoms possessed a better ability to attract electrons from the
surrounding Al atoms than those of other metal atoms [38,39]. The charge transfer between
Ni and Al atoms was strongest, which promoted Ni to segregate at the layer I/Al matrix
interface, thus reducing the total energy of the system.

The rapid diffusion of Al and the low diffusion rate of solute atoms led to faster growth
of Layer I. Layer I was reported as a BCC structure [21], which was most conducive to
phase stability and energy reduction for the reaction of AlCoCrFeNi/Al [33]. Additionally,
the centripetal radial shape of Layer I was conducive to unidirectional heat conduction
to the particles [22]. In the later stage of ST, the diffusion of the aluminum element was
hindered, and the solute element diffuses outward and reacted at the Layer II/Al interface,
which accelerated the formation of Layer II.

4.2. Strengthening and Fracture Behavior of AMCs

Based on the stress–strain curves shown in Figure 9, the mechanical properties of
FSPed AMCs are listed in Figure 12. The tensile strength and yield strength of the com-
posites had an obvious increase and then continuous decline with the increase in solution
treatment time, but the ductility showed a progressive decline as increasing solution time.
Finally, an optimized solution treatment time could be determined as 2 h, which resulted in
a high tensile strength with an acceptable strain.
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FSPed AMCs.

In order to compare the effects of the grain size of AMCs on tensile properties,
Figure 13a–d show EBSD maps of typical samples, in which high angle grain boundaries
(HAGBs, misorientation angle > 15◦) and low angle grain boundaries (LAGBs, 2◦ < mis-
orientation angle < 15◦) are drawn by bold block lines and narrow grey lines, respectively.
These amounts of grains in all these samples were almost surrounded by HAGBs and main-
tained an equiaxed grain morphology, which suggested that they were due to dynamic
recrystallization during FSP [29]. Compared to the as-FSPed A356 Al, the α-aluminum
grain size of as-FSPed AMCs was much finer, which may be attributed to the pinning effects
of the HEA particles on the migration of grain boundaries. In addition, these α-aluminum
grains in the FSPed Al356 and the AMCs only went through a limited growth after solid
solution treatment at 525 ◦C for 2 h. Only very small grains, which were mainly separated
by LAGBs, tended to merge by adjacent large grains according to the microstructure shown
in Figure 13b,d.

The mechanical properties of AMCs were generally affected by the reinforcement, the
matrix alloy, and the interface microstructure. The tensile strength and elongation of the
as-received A356 plate were determined as 200 MPa and 14%, respectively, and the tensile
strength of the HEA alloy was reported as 396 MPa with 12% elongation [40]. The as-FSPed
AMCs had an exceptional elongation, and ST2 had the strongest tensile strength together
with an acceptable elongation among these studied samples. It has been proved that the
core–shell microstructure occurred after solution treatment for 2 h at 525 ◦C. Considering
the great improvement in mechanical properties of ST2 compared with ST2’, it suggested
that the dual-layer interface in this AMCs resulted in the optimized mechanical properties.
On the one hand, a few fine grains formed in Layer II of the shell zone, which was helpful
for the increase in the total area of grain boundaries and effectively hindered the slip of
dislocations, and previous research also pointed out that the hardness of the dual-layer
shell zone had a higher hardness compared with Al matrix and a lower hardness than the
HEA core [22]. On the other hand, the content of alloy elements in the shell zone had an
optimized gradient distribution along the interface, and the solute concentration gradient
established a stress gradient at the interface. Previous studies also reported that the triple
interface with various grain sizes and hardness led to the redistribution of tensile stress and
strain during loading, resulting in a progressive yielding of the core–shell structure [41],
and long-range back stresses as well as multiaxial stress states could also generate in the
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heterogeneous structure of transition layers, which promoted strain hardening and delayed
strain localization during plastic deformation [42].
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However, both the tensile strength and elongation decreased continuously when the
solution treatment time increased further according to Figure 10 in this investigation. It
should be noted that the elongated solid solution time led to an increase in the thickness of
the shell zone and, subsequently, a decrease in the core zone of the HEA particle. Principally,
an enlarged shell zone should enhance the tensile strength to some degree by increasing the
volume of reinforcement. However, the number and size of white grains in layer II increased
greatly, and the microstructure in Layer I changed into a radial shape morphology due to the
various physical properties between the HEA particles and the matrix alloy, both of which
led to an adverse consequence. To sum up, the generation of the shell and the evolution of
the interface microstructure can result in a great enhancement in mechanical properties for
the HEA/Al composite to some degree, and an optimized interface microstructure should
be designed and produced to achieve excellent mechanical properties.

In order to examine the effects of the shell zone at the interface on the mechanical
properties of samples, Figure 14 concludes the thickness of the shell zone at the HEA/Al
interface in the composite and the failure fraction of HEA particles on the fracture surface
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under various solution treatment times. A thick shell led to a high failure fraction of
fractured HEA particles. This suggests that the fracture position in the composites changed
from the interface to the HEA particles, and the overgrowth of shell layers tended to
decrease the effect of reinforcement and the stability of the core–shell structure.
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The shell zone consists of Al-based solid solution, which has enough slip systems.
Generally, the coherent boundary with low interface energy can effectively promote the
movement of dislocations during deformation, while the incoherent boundary will lead to
dislocation accumulation [43]. Therefore, dislocation could slip in the shell and accumulate at
the incoherent Layer I/HEA core interface, leading to a stress concentration. In the early stage
of deformation, the complex multi-interface microstructure contributed to the generation of
back stresses and multiaxial stress states and enhanced the tensile strain [18,42]. Layer I might
be a type of brittle phase due to its centripetal radial structure, which could be proved by its
appearance of transgranular fracture on the fracture surface of the ST8 sample. When stress
in the Layer I/HEA interface reached the critical cracking stress, a crack formed in Layer I
and propagated to the HEA core and Layer II. The fine structure of Layer II could restrain the
propagation of cracks via increasing the consumption of energy; therefore, the fracture of the
ST2 sample showed a crack across the shell and cut through the core. The overgrowth of brittle
Layer I brought about a greater stress concentration, therefore showing an increasing quantity
of brittle characteristics on the core–shell stricture. However, Layer II exhibited numerous
small-sized pulling-out caves, which was called the pull-out fracture mode and was favorable
for energy dissipation and toughening [18,44]. Therefore, Layer I contributes an increasing
restraint effect, while the overgrowth of Layer II and quantity of depleted small HEA cores
result in a progressive decrease in ductility.

5. Conclusions

(1) The AlCoCrFeNi/A356 composite with a uniform particle distribution and limited
interface reaction can be fabricated by friction stir processing. The core–shell structure
between the HEA particles and the Al matrix in the composite can be controlled via atomic
diffusion at high temperature.

(2) The shell zone of the interface consists of two different layers with different mi-
crostructure and element distribution, and the formation of a gradient microstructure
depends on the solution diffusion and the crystal structure of HEA alloys.
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(3) Microstructure and composition gradients benefit the movement of dislocation, and
excellent mechanical properties can be obtained for the FSPed AMCs under an optimum
solution treatment condition.

Author Contributions: Conceptualization, S.H., K.W., S.M., N.H. and F.L.; Draft, Methodology,
Investigation, Editing, S.H. and K.W.; Experiments, S.H., S.M., and H.Q. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the funds of the State Key Laboratory of Solidification
Processing in NPU (Grant No. SKLSP201910), and the National Natural Science Foundation of China
(Grant No. 51974050).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank Chao Deng from Electron Microscopy Centre of Chongqing
University and Yang Zhou from the analytical and testing center of Chongqing University for their
assistance with microstructural analysis. The revision from Shouxun Ji from the Brunel Centre for
Advanced Solidification Technology (BCAST), Brunel University, London, UK, for the study is grate-
fully acknowledged.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Li, G.; Jiang, W.; Guan, F.; Zhu, J.; Zhang, Z.; Fan, Z. Microstructure, mechanical properties and corrosion resistance of A356

aluminum/AZ91D magnesium bimetal prepared by a compound casting combined with a novel Ni-Cu composite interlayer.
J. Mater. Process. Technol. 2021, 288, 116874. [CrossRef]

2. Kareem, A.; Abu Qudeiri, J.; Abdudeen, A.; Ahammed, T.; Ziout, A. A Review on AA 6061 Metal Matrix Composites Produced
by Stir Casting. Materials 2021, 14, 175. [CrossRef] [PubMed]

3. Casati, R.; Vedani, M. Metal Matrix Composites Reinforced by Nano-Particles-A Review. Metals 2014, 4, 65–83. [CrossRef]
4. Singh, K.K.; Singh, S.; Shrivastava, A.K. Comparison of Wear and Friction Behavior of Aluminum Matrix Alloy (Al 7075) and

Silicon Carbide based Aluminum Metal Matrix Composite under Dry Condition at Different Sliding Distance. In Proceedings of
the International Conference on Advancements in Aeromechanical Materials for Manufacturing (ICAAMM), Hyderabad, India,
13–14 July 2017; MLR Institute of Technology: Hyderabad, India, 2017; pp. 8960–8970.

5. Mallarapu, G.K.; Kancharla, P.K.; Rao, J.B.; Bhargava, N.R.M.R. Mechanical behaviour of A356 alloy reinforced with high strength
alloy particulate metallic composites. Mater. Res. Express 2017, 4, 86508. [CrossRef]

6. Leon, C.A.; Drew, R.A.L. Preparation of nickel-coated powders as precursors to reinforce MMCs. J. Mater. Sci. 2000, 35, 4763–4768.
[CrossRef]

7. Dudina, D.V.; Bokhonov, B.B.; Batraev, I.S.; Kvashnin, V.I.; Legan, M.A.; Novoselov, A.N.; Anisimov, A.G.; Esikov, M.A.;
Ukhina, A.V.; Matvienko, A.A.; et al. Microstructure and Mechanical Properties of Composites Obtained by Spark Plasma
Sintering of Al-Fe66Cr10Nb5B19 Metallic Glass Powder Mixtures. Metals 2021, 11, 1457. [CrossRef]

8. Guan, H.D.; Li, C.J.; Gao, P.; Prashanth, K.G.; Tan, J.; Eckert, J.; Tao, J.M.; Yi, J.H. Aluminum matrix composites reinforced with
metallic glass particles with core-shell structure. Mater. Sci. Eng. A 2020, 771, 138630. [CrossRef]

9. Ma, Y.; Chen, H.; Zhang, M.-X.; Addad, A.; Kong, Y.; Lezaack, M.B.; Gan, W.; Chen, Z.; Ji, G. Break through the strength-ductility
trade-off dilemma in aluminum matrix composites via precipitation-assisted interface tailoring. Acta Mater. 2023, 242, 118470.
[CrossRef]

10. Asadikiya, M.; Yang, S.; Zhang, Y.; Lemay, C.; Apelian, D.; Zhongt, Y. A review of the design of high-entropy aluminum alloys: A
pathway for novel Al alloys. J. Mater. Sci. 2021, 56, 12093–12110. [CrossRef]

11. Yeh, J.W.; Chen, S.K.; Lin, S.J.; Gan, J.Y.; Chin, T.S.; Shun, T.T.; Tsau, C.H.; Chang, S.Y. Nanostructured high-entropy alloys with
multiple principal elements: Novel alloy design concepts and outcomes. Adv. Eng. Mater. 2004, 6, 299–303. [CrossRef]

12. Gao, L.P.; Li, G.R.; Wang, H.M.; Yan, Y.W. Interfacial structure and properties of microwave sintered FeCoNi1.5CrCu/Al
composites. Mater. Charact. 2022, 189, 111993. [CrossRef]

13. Liu, Y.Z.; Chen, J.; Li, Z.; Wang, X.H.; Zhang, P.; Liu, J.N. AlCoCrFeNi high entropy alloy reinforced Cu-based composite with
high strength and ductility after hot extrusion. Vacuum 2021, 184, 109882. [CrossRef]

14. Yang, X.; Liang, Z.M.; Wang, L.W.; Zhang, H.X.; Wang, D.L. Interface structure and tensile behavior of high entropy alloy particles
reinforced Al matrix composites by spark plasma sintering. Mater. Sci. Eng. A 2022, 860, 45–60. [CrossRef]

http://doi.org/10.1016/j.jmatprotec.2020.116874
http://doi.org/10.3390/ma14010175
http://www.ncbi.nlm.nih.gov/pubmed/33401426
http://doi.org/10.3390/met4010065
http://doi.org/10.1088/2053-1591/aa7e23
http://doi.org/10.1023/A:1004860326071
http://doi.org/10.3390/met11091457
http://doi.org/10.1016/j.msea.2019.138630
http://doi.org/10.1016/j.actamat.2022.118470
http://doi.org/10.1007/s10853-021-06042-6
http://doi.org/10.1002/adem.200300567
http://doi.org/10.1016/j.matchar.2022.111993
http://doi.org/10.1016/j.vacuum.2020.109882
http://doi.org/10.1016/j.msea.2022.144273


Materials 2023, 16, 2234 17 of 18

15. Zhang, Y.; Li, X.; Gu, H.; Li, R.; Chen, P.; Kong, C.; Yu, H. Insight of high-entropy alloy particles-reinforced 2219 Al matrix
composites via the ultrasonic casting technology. Mater. Charact. 2021, 182, 111548. [CrossRef]

16. Jaber, A.M.; Krishnan, P.K. Development of a sustainable novel aluminum alloy from scrap car wheels through a stir-squeeze
casting process. Kov. Mater. Met. Mater. 2022, 60, 151–161. [CrossRef]

17. Li, Q.; Zhao, S.; Li, B.; Zhu, Y.; Wang, C.; Lan, Y.; Xia, T. A novel modifier on the microstructure and mechanical properties of
Al-7Si alloys. Mater. Lett. 2019, 251, 156–160. [CrossRef]

18. Zhang, X.Z.; Chen, T.J.; Ma, S.M.; Qin, H.; Ma, J.Y. Overcoming the strength-ductility trade-off of an aluminum matrix composite
by novel core-shell structured reinforcing particulates. Compos. Part B Eng. 2021, 206, 105534. [CrossRef]

19. Ma, S.; Zhang, X.; Chen, T.; Wang, X. Microstructure-based numerical simulation of the mechanical properties and fracture of a
Ti-Al3Ti core-shell structured particulate reinforced A356 composite. Mater. Des. 2020, 191, 87–90. [CrossRef]

20. Liu, Y.; Chen, J.; Wang, X.; Guo, T.; Liu, J. Significantly improving strength and plasticity of Al-based composites by in-situ formed
AlCoCrFeNi core-shell structure. J. Mater. Res. Technol. 2021, 15, 4117–4129. [CrossRef]

21. Liu, Y.; Chen, J.; Liu, J.; Zhang, P.; Wang, Y. Core-shell structure mediated microstructure and mechanical properties of high
entropy alloy CoCrFeNi/Al composites. Vacuum 2021, 192, 110454. [CrossRef]

22. Liu, Y.; Chen, J.; Li, Z.; Wang, X.; Fan, X.; Liu, J. Formation of transition layer and its effect on mechanical properties of AlCoCrFeNi
high-entropy alloy/Al composites. J. Alloy. Compd. 2019, 780, 558–564. [CrossRef]

23. Yang, X. Study on Fabrication and Interface Behavior of AlCoCrFeNi High Entropy Alloy Particles Reinforced Al Matrix
Composites. Ph.D. Thesis, Taiyuan University of Technology, Taiyuan, China, 2021.

24. Yang, X.; Zhang, H.; Dong, P.; Yan, Z.; Wang, W. A study on the formation of multiple intermetallic compounds of friction stir
processed high entropy alloy particles reinforced Al matrix composites. Mater. Charact. 2022, 183, R713–R715. [CrossRef]

25. Yang, X.; Dong, P.; Yan, Z.; Cheng, B.; Zhai, X.; Chen, H.; Zhang, H.; Wang, W. AlCoCrFeNi high-entropy alloy particle reinforced
5083Al matrix composites with fine grain structure fabricated by submerged friction stir processing. J. Alloy. Compd. 2020,
836, 155411. [CrossRef]

26. Gao, J.; Wang, X.; Zhang, S.; Yu, L.; Zhang, J.; Shen, Y. Producing of FeCoNiCrAl high-entropy alloy reinforced Al composites via
friction stir processing technology. Int. J. Adv. Manuf. Technol. 2020, 110, 569–580. [CrossRef]

27. Cheng, W.; Liu, C.Y.; Huang, H.F.; Zhang, L.; Zhang, B.; Shi, L. High strength and ductility of Al-Si-Mg alloys fabricated by
deformation and heat treatment. Mater. Charact. 2021, 178, 111278. [CrossRef]

28. Bai, X.; Hu, C.; Wei, G.; Li, G.; Chen, H.; Li, B. Good strength-plasticity compatibility of GNP/AZ31 composites fabricated by FSP:
Microstructural evolution and mechanical properties. J. Mater. Res. Technol. 2022, 20, 3995–4007. [CrossRef]

29. Tayyebi, M.; Adhami, M.; Karimi, A.; Rahmatabadi, D.; Alizadeh, M.; Hashemi, R. Effects of strain accumulation and annealing
on interfacial microstructure and grain structure (Mg and Al3Mg2 layers) of Al/Cu/Mg multilayered composite fabricated by
ARB process. J. Mater. Res. Technol. 2021, 14, 392–406. [CrossRef]

30. Tayyebi, M.; Rahmatabadi, D.; Karimi, A.; Adhami, M.; Hashemi, R. Investigation of annealing treatment on the interfacial
and mechanical properties of Al5052/Cu multilayered composites subjected to ARB process. J. Alloy. Compd. 2021, 871, 159513.
[CrossRef]

31. Tayyebi, M.; Rahmatabadi, D.; Adhami, M.; Hashemi, R. Influence of ARB technique on the microstructural, mechanical and
fracture properties of the multilayered Al1050/Al5052 composite reinforced by SiC particles. J. Mater. Res. Technol. 2019,
8, 4287–4301. [CrossRef]

32. Zhang, Q.; Xiao, B.L.; Ma, Z.Y. Mechanically activated effect of friction stir processing in Al-Ti reaction. Mater. Chem. Phys. 2013,
139, 596–602. [CrossRef]

33. Li, J.; Li, Y.; Wang, F.; Meng, X.; Wan, L.; Dong, Z.; Huang, Y. Friction stir processing of high-entropy alloy reinforced aluminum
matrix composites for mechanical properties enhancement. Mater. Sci. Eng. A 2020, 792, 320–328. [CrossRef]

34. Scudino, S.; Liu, G.; Prashanth, K.G.; Bartusch, B.; Surreddi, K.B.; Murty, B.S.; Eckert, J. Mechanical properties of Al-based metal
matrix composites reinforced with Zr-based glassy particles produced by powder metallurgy. Acta Mater. 2009, 57, 2029–2039.
[CrossRef]

35. Zhang, Y.S.; Hu, J.J.; Zhang, W.; Yu, S.; Yu, Z.T.; Zhao, Y.Q.; Zhang, L.C. Discontinuous core-shell structured Ti-25Nb-3Mo-3Zr-2Sn
alloy with high strength and good plasticity. Mater. Charact. 2019, 147, 127–130. [CrossRef]

36. Ma, T.F.; Zhou, X.; Du, Y.; Li, L.; Zhang, L.C.; Zhang, Y.S.; Zhang, P.X. High temperature deformation and microstructural
evolution of core-shell structured titanium alloy. J. Alloy. Compd. 2019, 775, 316–321. [CrossRef]

37. Wan, Q.; Li, F.; Wang, W.; Hou, J.; Cui, W.; Li, Y. Study on In-Situ Synthesis Process of Ti-Al Intermetallic Compound-Reinforced
Al Matrix Composites. Materials 2019, 12, 1967. [CrossRef]

38. Allred, A.L. Electronegativity Values from Thermochemical Data. J. Inorg. Nucl. Chem. 1961, 17, 215–221. [CrossRef]
39. Liu, Y.; Zheng, G. The Design of Aluminum-Matrix Composites Reinforced with AlCoCrFeNi High-Entropy Alloy Nanoparticles

by First-Principles Studies on the Properties of Interfaces. Nanomaterials 2022, 12, 2157. [CrossRef]
40. Munitz, A.; Salhov, S.; Hayun, S.; Frage, N. Heat treatment impacts the micro-structure and mechanical properties of AlCoCrFeNi

high entropy alloy. J. Alloy. Compd. 2016, 683, 221–230. [CrossRef]
41. Suryanarayana, C.; Froes, F.H. The structure and mechanical properties of metallic nanocrystals. Metall. Trans. A 1992, 23, 1071–1081.

[CrossRef]

http://doi.org/10.1016/j.matchar.2021.111548
http://doi.org/10.31577/km.2022.3.151
http://doi.org/10.1016/j.matlet.2019.05.050
http://doi.org/10.1016/j.compositesb.2020.108541
http://doi.org/10.1016/j.matdes.2020.108685
http://doi.org/10.1016/j.jmrt.2021.10.016
http://doi.org/10.1016/j.vacuum.2021.110454
http://doi.org/10.1016/j.jallcom.2018.11.364
http://doi.org/10.1016/j.matchar.2021.111646
http://doi.org/10.1016/j.jallcom.2020.155411
http://doi.org/10.1007/s00170-020-05912-8
http://doi.org/10.1016/j.matchar.2021.111278
http://doi.org/10.1016/j.jmrt.2022.08.043
http://doi.org/10.1016/j.jmrt.2021.06.032
http://doi.org/10.1016/j.jallcom.2021.159513
http://doi.org/10.1016/j.jmrt.2019.07.039
http://doi.org/10.1016/j.matchemphys.2013.01.062
http://doi.org/10.1016/j.msea.2020.139755
http://doi.org/10.1016/j.actamat.2009.01.010
http://doi.org/10.1016/j.matchar.2018.10.021
http://doi.org/10.1016/j.jallcom.2018.10.101
http://doi.org/10.3390/ma12121967
http://doi.org/10.1016/0022-1902(61)80142-5
http://doi.org/10.3390/nano12132157
http://doi.org/10.1016/j.jallcom.2016.05.034
http://doi.org/10.1007/BF02665039


Materials 2023, 16, 2234 18 of 18

42. Ma, E.; Zhu, T. Towards strength–ductility synergy through the design of heterogeneous nanostructures in metals. Mater. Today
2017, 20, 323–331. [CrossRef]

43. Zhao, Y.F.; Zhang, J.Y.; Wang, Y.Q.; Wu, K.; Liu, G.; Sun, J. Unusual plastic deformation behavior of nanotwinned Cu/high
entropy alloy FeCoCrNi nanolaminates. Nanoscale 2019, 11, 11340–11350. [CrossRef] [PubMed]

44. Yue, Y.; Gao, Y.; Hu, W.; Xu, B.; Wang, J.; Zhang, X.; Zhang, Q.; Wang, Y.; Ge, B.; Yang, Z.; et al. Hierarchically structured diamond
composite with exceptional toughness. Nature 2020, 582, 370–374. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.mattod.2017.02.003
http://doi.org/10.1039/C9NR00836E
http://www.ncbi.nlm.nih.gov/pubmed/31166340
http://doi.org/10.1038/s41586-020-2361-2
http://www.ncbi.nlm.nih.gov/pubmed/32555490

	Introduction 
	Experimental Materials and Methods 
	Materials 
	Composites Preparation 
	Characterization 

	Results 
	Microstructural Characterization 
	Mechanical Properties 
	Fracture Morphology 

	Discussion 
	Core–Shell Microstructure and Formation Mechanism 
	Strengthening and Fracture Behavior of AMCs 

	Conclusions 
	References

