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In this paper, high entropy alloy particles reinforced 5052 aluminum matrix composites were success-
fully prepared by vacuum hot pressing sintering technology. Interface layers with different thickness
were formed in the composites by heat treatment. The effects of heat treatment temperature and time on
the interface layer of composites were systematically studied by scanning electron microscopy (SEM),
energy dispersion spectroscopy (EDS), X-ray diffraction (XRD), electron probe microanalysis (EPMA) and
nano-indentation. The results show that the new core-shell structure particles are dominant in the
composites with long holding time at 500 °C heat treatment. Hardness and Young’s modulus of the
composites are obviously improved by the generation of the interface layer. With the increase of heat
treatment time, the thickness of the interface layer increases, and the discontinuous interface layer will
obviously increase the hardness and Young’s modulus of the composites, which is related to the stress
concentration and the bonding degree between the interface and the matrix.

Nanoindentation

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Particle reinforced aluminum matrix composites have the ad-
vantages of high specific strength and specific stiffness, good
thermal stability, good thermal conductivity, wear resistance and
corrosion resistance [1]. At present, the common particles rein-
forcement of aluminum matrix composites are ceramic particles
and graphite particles or amorphous particles and so on [2—5], but
the wettability of these reinforced particles with aluminum matrix
does not reach the ideal state. When the ceramic phases are used as
the strengthening phase, the diffusion of the strengthening phases
are difficult, so that it is not completely miscible with the metal
matrix, and the interface bonding is poor. When the amorphous
phases are used as the strengthening phase, the amorphous phases
are not a stable phase, and the amorphous phases are prone to
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crystallization at high temperature, which destroys the interfacial
stability of the composites and makes it prone to fracture [6].

In recent years, high-entropy alloys (HEAs) have attracted
attention due to their unique multi-component solid solution
structure and their excellent comprehensive properties [7]. Due to
the natural interfacial bonding between particles and matrix, the
interfacial wettability and compatibility of high entropy alloy par-
ticles reinforced metal matrix composites are better than that of
ceramic particles. At present, high entropy alloy as a reinforcement
of composites has achieved some results. Meng et al. used the laser
melting technology (LMI) to prepare AlCoCrCuFeNi particles rein-
forced AZ91D magnesium matrix composites, and found that the
friction and wear properties of the composites were significantly
improved [8,9]. Praveen et al. added Al-20Cu—10Mg high-entropy
alloy to the 2024 aluminum alloy matrix by stirring casting, which
greatly improved the mechanical properties such as yield strength,
tensile strength and Young’s modulus [10]. Tan et al. prepared
Alg sCoCrFeNi particles reinforced Al-based amorphous composites
by spark plasma sintering, and the yield strength measured by
compression test was as high as 3120 MPa [11]. Liu et al. prepared
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AlCoCrFeNi particle reinforced aluminum matrix composites by
spark plasma sintering. They found that the thickness of the
interface layer increased with the increase of sintering tempera-
ture, and the yield strength and plasticity of the composites were
significantly improved [12]. Chen et al. prepared AlCoNiCrFe par-
ticles reinforced copper matrix composites by vacuum hot pressing
[13]. It was reported that there was no obvious interfacial reaction
between copper matrix and high entropy alloy reinforced particles.
The yield strength of the material was similar to the Voigt upper
limit calculated by the model.

In the previous work [14], there were obvious interdiffusion
layers in CoCrFeMnNi particle reinforced aluminum matrix com-
posites prepared by spark plasma sintering. At present, there are
few researches on the preparation of high-entropy alloy particles
reinforced aluminum matrix composites by vacuum hot pressing.
In this paper, the 5052Al which cannot be strengthened by heat
treatment is used as the matrix, and the AlggCoCrFeNi particles are
used as the reinforcing material to prepare the aluminum matrix
composite. The interface properties of the composites were studied
by heat treatment process, and the effects of the interfaces on the
mechanical properties of the composites were investigated.

2. Experimental
2.1. Samples preparation

Using commercially available 5052Al alloy powder (<50 pm,
composition shown in Table 1) and AlggCoCrFeNi
powder(38—75 um) as starting materials, the mixed powder is
uniformly mixed in a vacuum atmosphere with a ball-to-powder
weight ratio of 10:1 and a rotating speed of 200 rpm in a plane-
tary ball mill. The volume fraction of the HEA powder was deter-
mined to be 7%, and the composite powder was sintered in a
vacuum hot pressing furnace at 823 K and 30 MPa for 60 min. The
billet of 20 mm x 10 mm was obtained after sintering, and the
billet was heat-treated in a resistance furnace. Respectively, the
heat treatment scheme was air-cooled after being kept at 350 °C,
500 °C and 600 °C for 24 h. In addition, in order to study the effect
of heat treatment time on composite materials, the holding time
was added for 12 h and 48 h at 500 °C. The phase composition of
the composites was measured by X-ray diffractometer (XRD). The
microstructure was characterized by metallographic microscope
and scanning electron microscope (SEM) equipped with energy
dispersive spectrometer (EDS). The diffusion layer was quantita-
tively analyzed by electron probe. The alloy was mechanically
polished to mirror finish prior to sample testing.

2.2. Nanoindentation experiment

Nanoindentation was performed on the sintered composite at
room temperature using a Hysitron-Picoindenter and berkovich
triangular diamond tip. Arbitrarily select the reinforcement parti-
cles, indentation test from the matrix to the particle direction, set
the indentation load to 3000 uN and 4000 pN. To avoid the influ-
ence of indentation result by the adjacent indentation, and ensure
the accuracy and reliability of the experimental results, there were
13 indentation test points with a fixed pitch of 1.5 um.

Table 1

Chemical composition of 5052 aluminum alloy.
Element Mg Fe Cr Si Mn Zn Cu Al
wt.% 22-28 04 0.15-035 025 0.1 0.1 0.1 Bal.

3. Results and discussions
3.1. Microstructure

Fig. 1 shows metallographic pictures at different heat treatment
temperatures and times. Dark gray AlggCoCrFeNi particles and
black second phase particles are randomly distributed in the
aluminum alloy matrix, and the high entropy alloy particles are
spherical and do not deform during ball milling and sintering. It can
be seen from Fig. 1a that there is a clear boundary between the
particles and the matrix, which indicates that there is no obvious
interfacial reaction between HEA and the substrate during sinter-
ing. As the heat treatment temperature and time change, the
interface between the particles and the substrate also changes
significantly. In Fig. 1 b, there is no obvious interfacial reaction
between the particles and the matrix, and the second phase par-
ticles and grain size have not changed significantly. This is because
the temperature is too low and the atomic diffusion activation
energy is not reached, so that the 5052Al alloy is not homogeni-
zation annealing occurs. It can be seen from Fig. 1 c-e that at the
heat treatment at 500 °C, the thickness of the interface layer in-
creases significantly with the increase of the holding time, but
there is no significant difference in the interface thickness between
24 h and 48 h, which is related to the solid solubility. At the same
time, the second phase also increases obviously, because the in-
crease of temperature will greatly accelerate the diffusion process
and increase the degree of homogenization. When the heat treat-
ment is performed at 600 °C, the aluminum alloy undergoes a
significant overburn phenomenon due to the dissolution of the
second phase and the formation of a liquid phase.

Fig. 2 shows the XRD patterns of composites at different heat
treatment times and temperatures. As can be seen from Fig. 2a, the
Alg gCoCrFeNi high-entropy alloy only has a single-phase BCC solid
solution structure (within this scan angle range), which is related to
the particle size [15]. In addition to the matrix Al phase and a small
amount of BCC phase, a new Al(Co, Fe) phase and an Al;;Mg17 phase
are formed in the sintered product of the composite. It can be seen
that no new phase is formed during heat treatment, and the
diffraction peak strength of Al(Co, Fe) phase and Al;;Mgy7 phase in
the composites increases slightly. As the heat treatment time and
temperature increases, the position of diffraction peak also appears
different amplitude shift, which may be due to the lattice distortion
caused by the diffusion of high entropy particle elements into Al
alloy during heat treatment.

3.2. Interface layer analysis

Fig. 3 shows the element mapping results of the original com-
posites, there is a clear boundary between the reinforcement par-
ticles and the matrix. The difference of element concentration does
not cause interdiffusion between the high-entropy alloy particles
and the matrix, which is consistent with the result of Fig. 1a. This is
attributed to two factors. Firstly, due to the particularity of the
crystal structure of high entropy alloys, the serious crystal lattice
distortion hinders the diffusion of atoms and slows the diffusion of
high entropy alloy elements to the matrix. Secondly, due to the
relatively large radius of Al atoms, during the sintering process, it
cannot to provide enough energy for Al atomic radius to overcome
the potential energy barrier to replace other atoms in the crystal
structure of high entropy alloy. It can be seen from the figure that
the high entropy alloy elements are dispersed and distributed in
the matrix and combine with the matrix elements to form a new
phase in the sintering process. Here is the second phase particles in
the matrix, because the element content here is lower than the
reinforcement, the color is dim. Which is consistent with the XRD
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Fig. 1. Metallographic images of composites under different heat treatment conditions. (a) Original sample; (b) 350 °C + 24 h; (c) 500 °C + 12 h; (d) 500 °C + 24 h; (e)
500 °C + 48 h; (f) 600 °C + 24 h.
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Fig. 2. XRD patterns of Composites under different Heat treatment conditions. (a) Heat treatment at different temperatures at 24 h; (b) Heat treatment at 500 °C at different time.
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Fig. 3. Elemental distribution of the initial composite.

results. The distribution of different elements in the matrix is quite
different, and the reasons are described in the following contents.

In order to study the interface layer, composite materials with
different interface characteristics at different heat treatment times
at 500 °C were selected, and the composition of the interface layer
was tested in detail. Fig. 4 shows the elements distribution image of
the composite under different heat treatment times. There are
some differences in the distribution of aluminum, iron, chromium,
cobalt and nickel in the diffusion layer. This is due to the hysteresis
effect in the diffusion kinetics of high entropy alloy and the
different diffusion rate of each element in the high entropy alloy,
which leads to the difference of the content and distribution of each
element in the interface layer. Compared with other elements, the
distribution and content of Cr in the composites are lower, which
may be due to the larger diffusion coefficient of iron and nickel in
aluminum, which leads to the diffusion of iron and nickel into the
matrix. The diffusion of Fe and Ni element will inevitably occupy
part of the diffusion channel nearby, which will cause the relative
diffusion channel of Cr element to be relatively reduced, thereby
slowing the outward diffusion rate of Cr element and even hin-
dering the outward diffusion of Cr element. Four kinds of contrast
are reflected in Fig. 4a. The gray is the 5052 Al matrix, the white is
the AlpgCoCrFeNi high entropy particles, the bright gray is the
interface layer between the matrix and the reinforcement after heat
treatment, and the black is the second phase precipitated during
heat treatment. Compared with Fig. 4b, due to the short heat
treatment time, the interface layer in Fig. 4a is thinner, and the

element distribution of the interface layer is not obvious. Combined
with the XRD results, it can be determined that the formation of the
interface layer is attributed to the solid/solid diffusion between the
HEA particles and the matrix.

In order to analyze the specific components of the interface
layer, the chemical composition of the spots marked in Fig. 4 was
analyzed by an electron probe, and the results are shown in Table 2.
In order to better observe the law of element distribution, Fig. 5 is
made according to Table 2. It can be seen from Fig. 5 that the ele-
ments distributions under different heat treatment times have the
same distribution law. Compared to other elements, the contents of
cobalt, iron and nickel are significantly higher with distance from
the particles. This may be due to the fact that the diffusion co-
efficients of Fe and Ni are larger than those of other elements in
aluminum, and according to the binary phase diagram of iron,
nickel and aluminum, The temperature range in which they react
with aluminum to form intermetallic compounds is lower than that
of other high entropy alloy elements, which indicates that iron and
nickel elements diffusion in the form of atoms for a longer time, so
the diffusion distance is relatively long. So it is distributed over the
entire aluminum substrate.

It can be clearly seen from Fig. 4 that as the heat treatment time
increases, the thickness of the diffusion layer gradually increases
and exhibits an uneven distribution, and the diffusion layer
completely surrounds the reinforcement particles, and at the same
time, the shape of the high-entropy alloy particles gradually
changes irregular, this is related to the proliferation process. In
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Fig. 4. Elemental distribution of composite materials at different heat treatment times at 500 °C (a) 12 h; (b) 24 h
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Table 2
Chemical composition of the composite interface layer (at. %).
Regions Al Fe Zn Mg Mn Cu Si Cr Ni Co
A 77.022 4937 0.0883 1.3544 1.189 0.0383 3.344 4915 3.646 3.466
B 80.322 4451 0.0187 2.053 0.0828 0.1029 0.8826 0.809 6.316 4.962
C 80.467 3.432 0.0244 5.477 0.0463 0.1392 0.3581 3.652 2.585 3.819
D 80.335 3.154 0.0763 5.823 0.0579 0.1177 0.2781 3.784 2.707 3.667
E 80.733 3.869 0.1413 4.493 0.056 0.0564 0.2193 2.846 3.977 3.609
F 81.24 5.717 - 1.0889 0.0356 - 0.241 0.3255 5.715 5.637
100 500 °C for different heat treatment time. The indentation points are
: arranged tightly at a distance of 1.5 pm and pass through the
: interface in the direction of the arrow. The shape of the indentation
X | can be clearly seen from the figure. As the indentation position
En 85 12h : 24h moves from the matrix to the particles, the indentation
8 | morphology becomes smaller and the plastic deformation
g I II I I decreases.
E 70 | 1 The principle of nano-indentation test was proposed by Olive
=9 \ 1 and Pharr [17]. The hardness and elastic modulus of the sample
8 S | were obtained by measuring and recording the continuous load-
E 4 \ depth curve.
N
< 3 I
2 . g (M2 s 1717u2+]—v12 )
1 "T28 A2 E, E E
0 . . . .
A B C D E F Where S is the contact stiffness, s = % h = hmax; Er is the equiva-

Regions

Fig. 5. The distribution of the elements shown in Table 2.

order to explore the relationship between the interface thickness
and the particles, taking the particle morphology as the boundary,
the maximum inner tangent circle of the irregular pattern is ob-
tained [16]. The center of the inner tangent circle is the center
point, and 12 directions are selected as the representative, and the
blue arrow is taken as the starting point. The distance from the
particle boundary to the inner tangent circle and the thickness of
the interface layer in this direction are measured clockwise, and the
relationship between the interface thickness and the particle
boundary is quantified, and the results are shown in Fig. 6. It can be
seen from the figure that as the ratio of the interface to the particle
thickness decreases, the thickness of the interface layer increases,
and it is guessed that this change is related to the curvature of the
particle. Although the reinforcement particles are similar to
spherical particles, the curvature of the particle boundary is not
completely consistent. Because there is no mutual diffusion be-
tween the particles and the matrix, the high entropy alloy particles
can be regarded as a diffusion source. The matrix around the par-
ticles can be regarded as a workpiece with a radius of curvature R.
When R is positive, the area perpendicular to the diffusion direction
decreases continuously, so that the infiltrated elements tend to
gather inward, and the surface infiltration concentration increases
and the layer depth increases. When R is negative, the area
perpendicular to the diffusion direction increases, so that the
infiltrated elements have the trend of inward diffusion, so the
surface infiltration concentration decreases and the layer depth
decreases. The conclusion is consistent with the appearance shown
in Fig. 6.

3.3. Micromechanical properties

The particles with good interface characteristics were selected
for nano-indentation test. Fig. 7 shows the indentation diagram at

lent elastic modulus; E;, v; are the elastic modulus and Poisson’s
ratio of the indenter respectively; E, v; are the measured elastic
modulus and Poisson’s ratio; § is the shape parameter of the
indenter; A is the contact area. For the Berkovich indenter herein,
B = 1.034, E; = 1141 GPa and v; = 0.07 [17,18].

The contact depth is related to the maximum indentation depth
and is defined as:

P
c=hmax — hyg = himax — € ”;‘”‘ A = 24.56h% (2)

Where: hy is the elastic recovery depth; ¢ is the indenter geometry
parameter; Ppgy is the maximum indentation load. Hardness is the
ratio of the maximum indentation load to the contact area,

Pmax
H="1 (3)

Firstly, a load of 3000 uN was selected to perform a nano-
indentation test on the sample that was heat treatment at 500 °C
for 12 h, and the p-h curve of different regions of the composite
material (particle-interface layer-matrix) were obtained (as shown
in Fig. 8). It can be seen from Fig. 8 that there is a displacement
bursts phenomenon in the loading curve of high entropy alloy
particles [19,20]. That is caused by two reasons. First, there are
crystal defects below the surface of the high-entropy alloy particles.
During the loading process, the presence of vacancies under the
indenter will cause a displacement bursts at the loading curve.
Second, for the nanoindentation of the face centered cubic crystals,
when the maximum shear stress generated under the indenter is of
the order of the theoretical shear stress, this high local stress seems
to cause homogeneous nucleation of dislocations under the surface,
thereby displacement burst [21]. The indentation curves at the
granules show good coincidence and therefore tend to be the sec-
ond reason. For AlpgCoCrFeNi high entropy alloy, there are two
phases, FCC and BCC phase. For particles size <75 pum, there is no
FCC phase at the scanning angle of 20—90°, while the FCC phase
exists in other scan angles. There are obvious differences in the
loading curves at the interface layer, the indentation depth
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Fig. 7. Metallographic diagram of the indentation of the composite material from the Al matrix to the HEA particles at different time during 500 °C heat treatment: (a) 12 h; (b) 24 h.

increases gradually along the direction of diffusion, and the curve
fluctuates obviously, which is related to the roughness of the
interface, and moves with the direction to the matrix. The fluctu-
ations are getting more and more intense. The loading curves at the
substrate are smooth, there is no obvious fluctuation, and the
indentation depth near the interface layer is shallow, which is due
to the existence of compressive stress at the interface and substrate
interface, so that the hardness is improved. According to the above
equation, the hardness and Young’s modulus of the composite are
calculated, as shown in Fig. 9. In Fig. 9a, it can be seen that the
hardness of the high-entropy alloy is higher than that of the Al
matrix, and the hardness value at the particles does not change
drastically. The hardness value is about 10 GPa. When the inden-
tation position moves to the interface, the hardness decreases

greatly, and gradually decreases along the direction of the matrix.
The hardness of the interface is still higher than that of the matrix,
and the hardness fluctuates up and down in 6 GPa. The hardness of
the substrate drops suddenly again, and gradually decreases with
the movement of the indentation position, and stabilizes around
1.8 GPa. Young’s modulus and hardness have the same trend.
Young’s modulus at the granules is about 280 GPa, and Young's
modulus at the interface changes with the element content at the
interface, varying between 120 and 145 GPa. Young’s modulus at
the matrix is about 80 GPa.

According to the study of Xia et al. [22], when the indentation
depth is shallow (<100 nm), the Young’s modulus will have a large
deviation from the standard value, which is related to the first
contact error. Eqs. (1)—(3) are integrated into equation (4).
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When the indentation depth is deep (>100 nm), the calculated
Young’s modulus is consistent with the Young’s modulus of the
material itself. In order to eliminate the contact error, a larger force
(4000 mN) was selected to carry out nano-indentation test on the
samples heat-treated for 24 h. Fig. 10 shows the p-h curves of the
composite, and the indentation depth is more than 100 nm. The
loading curve has no obvious fluctuation. The hardness H and
Young’s modulus E of the composite are calculated by using the
above equation, and the results are shown in Fig. 11. The Young’s
modulus of the particles is about 160 GPa, which is much smaller
than that of heat treatment for 12 h. Due to the increase of
indentation depth, the contact error decreases, and the modulus
result is closer to the real value. Young’s modulus of interface and
matrix are 123 GPa and 78 GPa, respectively. The hardness of the
substrate decreased to about 1.6 GPa. The results obtained are
consistent with the results of Fig. 9. With the indentation moving
towards the matrix, the modulus and hardness decrease gradually,
which is caused by the gradient distribution of high entropy alloy
elements in the process of heat treatment. Comparing Fig. 9 and 11,
it can be found that Young’s modulus of the interface layer under
different heat treatment time has consistency, fluctuating up and
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Fig. 10. The p-h curves of composites heat treated at 500 °C for 24 h.

down at 120—130 GPa, and the hardness is also consistent, fluctu-
ating up and down at 5—6 GPa. Since the roughness does not have a
large influence on the macrohardness and Young’s modulus of the
material, the heat treatment time only affects the thickness of the
interface layer, and has no significant effect on the performance of
the interface layer. The matrix properties of the composites are
higher than the theoretical values calculated by the mixing law of
the composites, which is due to the fact that the interface hinders
the movement of dislocations and leads to the accumulation of
dislocations. It increases the deformation resistance of the com-
posites and improves the hardness and Young's modulus of the
composites.

To investigate the effect of heat treatment time on the proper-
ties of the composite, Fig. 12 shows the p-h curve of the original
sample and Fig. 13 shows the hardness and Young’s modulus of the
calculated composite. It can be seen from the diagram that Young’s
modulus of the particles is about 190 GPa, and the modulus of the
matrix is 77 GPa, which is close to the real value. The hardness of
the particles does not change much from that after heat treatment,
about 10 GPa. The hardness of the matrix is obviously lower than
that of the sample after heat treatment, which is about 1.43 GPa. In
order to compare the properties of the composites, Table 3 shows
the modulus and macro and micro hardness of the composites
under different heat treatment conditions. It can be seen from the
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Fig. 9. (a) Hardness and (b) Young’s modulus of the indentation tests for composites heat-treated at 500 °C for 12 h
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table that the existence of interface has little effect on Young's
modulus and great influence on hardness, and the hardness in-
creases by 14.7%—26.6% under different heat treatment conditions.

In this work, the performance of the interface layer remains
basically the same, but as the thickness of the interface gradually
increases, the hardness and Young’s modulus of the composite
material decrease. The main reason for this is that during the heat
treatment, the formation of a discontinuous interfacial layer causes
a large concentration of stress in the matrix, which increases the
hardness and Young’s modulus of the matrix. As can be seen from
Fig. 4, when the heat treatment time increases, the interface layer
gradually becomes continuous and well bonded to the matrix,
forming a distinct core structure [23], macroscopic cracks are
greatly reduced, and stress is released. At the same time, the
interface area between the matrix and the particles is increased,
and more load can be conducted from the substrate to the particles,
so that the hardness and Young’s modulus of the composite are
lowered.
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4.0
Matrix
3.24 -~ - ~
Z
£
=
§ 2.4 1
S
2
§ 1.6-
=
=
P
0.8 4
0-0' — T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 030 035
Indenter displacement/pm
Fig. 12. The p-h curves of Original sample.
a)lz2 T
( ) 7> I
: /N
« 91 - Y, :
3 v
§ HEA \‘ 1 Matrix
_§ 6 \_!
= \
Y
31 1\
I N oy
| e
0 r r — r
0 4 8 12 16
Distance/pm
Table 3

Young’s modulus and macro and micro hardness of the composites under different heat treatment conditions.

Original sample

heat treated at 500 °C for 12 h

heat treated at 500 °C for 24 h

Young’s modulus/GPa
Hardness/GPa
Hardness/HVq o5

77
1.43
136

80 79
1.81 1.60
178 155
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4. Conclusions

In this paper, high entropy alloy particles reinforced aluminum
matrix composites were successfully prepared by vacuum hot
pressing technology. The following conclusions are drawn:

(1) The composites sintered at 550 °C are composed of matrix
and HEA particles, and the interface layer of core-shell
structure is formed after heat treatment at temperatures
above 500 °C. The hardness and Young’s modulus of the
composite are improved by the formation of interface layer.

(2) There is no new phase in the interface layer, and the thick-
ness of the interface layer is related to the heat treatment
temperature and time, which is related to the diffusion co-
efficient and diffusion mode of the element. Compared with
the complete interface layer, the discontinuous interface
layer will obviously increase the hardness and Young's
modulus of the composites, which is related to the stress
concentration and the bonding degree between the interface
and the matrix.

Declaration of competing interest

The authors declared that they have no conflicts of interest to
this work.

We declare that we do not have any commercial or associative
interest that represents a conflict of interest in connection with the
work submitted.

CRediT authorship contribution statement

Zhanwei Yuan: Resources, Writing - review & editing, Super-
vision, Data curation. Wenbin Tian: Software, Investigation,
Writing - original draft. Fuguo Li: Methodology, Writing - review &
editing. Qingin Fu: Investigation. Xingang Wang: Methodology,
Writing - review & editing. Weifeng Qian: Investigation. Wang-
cong An: Investigation.

Acknowledgement

The authors are very grateful for the support received from the
China Postdoctoral Science Foundation (No. 2017M623084), Na-
tional Science and Technology Major Project (2017-VII-0012-0107),
National key research and development program (No.
2016YFB1100103), Fundamental Research Funds for the Central
Universities, CHD (No. 310831172001 and 300102319101). And
Supported by the fund of National college students’ innovative
entrepreneurial training project.

References

[1] H. Wang, G. Li, Y. Zhao, Z. Zhao, Microstructure, billet surface quality and
tensile property of (Al,03 +Al3Zr)p/Al composites in situ synthesized with
electromagnetic field, J. Alloy. Comp. 509 (2011) 5696—5700.

Y. Pazhouhanfar, B. Eghbali, Microstructural characterization and mechanical

properties of TiB2 reinforced Al6061 matrix composites produced using stir

casting process, Mater. Sci. Eng. A 710 (2018) 172—180.

[3] M.H. Rahman, H.M. Al Rashed, Characterization of silicon carbide reinforced
aluminum matrix composites, Procedia Eng. 90 (2014) 103—109.

[4] S. Qingyu, C. Xiong, L. Jiyuan, C. Gaoqiang, L. Qu, Improved mechanical
properties in friction stir processed carbon fiber reinforced aluminum com-
posites, Tsinghua Univ., Sci. Technol. 57 (2017) 792—797.

[5] J. Dutkiewicz, . Rogal, W. Wajda, A. Kukuta-Kurzyniec, C. Coddet,

L. Dembinski, Aluminum matrix composites strengthened with CuZrAgAl

amorphous atomized powder particles, J. Mater. Eng. Perform. 24 (2015)

2266—2273.

Q. Yang, Y. Zhang, H. Zhang, R. Zheng, W. Xiao, C. Ma, Fabrication of Al-based

composites reinforced with in situ devitrified AlgsNig4Y4gLa; gCoq particles by

hot pressing consolidation, J. Alloy. Comp. 648 (2015) 382—-388.

[7] M.C. Gao, J.W. Yeh, P.K. Liaw, Y. Zhang, High-Entropy Alloys, 2016.

[8] G. Meng, X. Lin, H. Xie, C. Wang, S. Wang, X. Ding, Reinforcement and sub-

strate interaction in laser surface forming of AlCoCrCuFeNi particle reinforced

AZ91D matrix composites, J. Alloy. Comp. 672 (2016) 660—667.

G. Meng, T.M. Yue, X. Lin, H. Yang, H. Xie, X. Ding, Laser surface forming of

AlCoCrCuFeNi particle reinforced AZ91D matrix composites, Opt. Laser.

Technol. 70 (2015) 119—127.

[10] K.P. Kumar, M.G. Krishna, J.B. Rao, N.R.MLR. Bhargava, Fabrication and char-
acterization of 2024 aluminium — high entropy alloy composites, J. Alloy.
Comp. 640 (2015) 421—-427.

[11] Z.Tan, L. Wang, Y. Xue, P. Zhang, T. Cao, X. Cheng, High-entropy alloy particle
reinforced Al-based amorphous alloy composite with ultrahigh strength
prepared by spark plasma sintering, Mater. Des. 109 (2016) 219—226.

[12] Y. Liy, J. Chen, Z. Li, X. Wang, X. Fan, ]. Liu, Formation of transition layer and its
effect on mechanical properties of AlCoCrFeNi high-entropy alloy/Al com-
posites, J. Alloy. Comp. 780 (2019) 558—564.

[13] C. Jian, P. Niu, T. Wei, H. Liang, Y. Liu, X. Wang, Y. Peng, Fabrication and
mechanical properties of AICoNiCrFe high-entropy alloy particle reinforced Cu
matrix composites, J. Alloy. Comp. 649 (2015) 630—634.

[14] Z.Yuan, W. Tian, F. Li, Q. Fu, Y. Hu, X. Wang, Microstructure and properties of
high-entropy alloy reinforced aluminum matrix composites by spark plasma
sintering, J. Alloy. Comp. 806 (2019) 901—908.

[15] S.C. Zhou, P. Zhang, Y.F. Xue, F.C. Wang, L. Wang, T.Q. Cao, Z. Tan, B.Y. Cheng,
B.P. Wang, Microstructure evolution of Al(0.6)CoCrFeNi high entropy alloy
powder prepared by high pressure gas atomization, Trans. Nonferrous Metals
Soc. China 28 (2018) 939—945.

[16] Y.Q. Sun, R.S. Che, Novel method for solving maximum inscribed circle, Opt.
Precis. Eng. 11 (2003) 171-187.

[17] W.C. Oliver, G.M. Pharr, An improved technique for determining hardness and
elastic modulus using load and displacement sensing indentation experi-
ments, ]. Mater. Res. 7 (1992) 1564—1583.

[18] G. Simmons, Single crystal elastic constants and calculated aggregate prop-
erties, in: Southern Methodist Univ Dallas Tex, 1965.

[19] S. Suresh, T.G. Nieh, B.W. Choi, Nano-indentation of copper thin films on sil-
icon substrates, Scr. Mater. 41 (1999) 951—-957.

[20] A. Gouldstone, HJ. Koh, K.Y. Zeng, A.E. Giannakopoulos, S. Suresh, Discrete and
continuous deformation during nanoindentation of thin films, Acta Mater. 48
(2000) 2277-2295.

[21] A. Gouldstone, K.J. Van Vliet, S. Suresh, Nanoindentation: simulation of defect
nucleation in a crystal, Nature 411 (2001) 656.

[22] X.Yang, B. Maxence, M. Julie, M. Pierre-Emmanuel, B. Salima, I. Alain, Effect of
surface roughness in the determination of the mechanical properties of ma-
terial using nanoindentation test, Scanning 36 (2014) 134—149.

[23] X. Yang, R. Shen, N. Song, S. Min, D. Xiao, Fabrication, microstructure and
mechanical properties of Al—Fe intermetallic particle reinforced Al-based
composites, J. Alloy. Comp. 618 (2015) 537—544.

[2

[6

[9


http://refhub.elsevier.com/S0925-8388(20)30021-9/sref1
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref1
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref1
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref1
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref1
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref1
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref1
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref1
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref2
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref2
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref2
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref2
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref3
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref3
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref3
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref4
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref4
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref4
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref4
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref5
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref5
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref5
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref5
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref5
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref6
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref6
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref6
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref6
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref6
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref6
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref6
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref6
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref6
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref7
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref8
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref8
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref8
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref8
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref9
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref9
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref9
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref9
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref10
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref10
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref10
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref10
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref10
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref11
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref11
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref11
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref11
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref12
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref12
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref12
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref12
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref13
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref13
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref13
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref13
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref14
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref14
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref14
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref14
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref15
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref15
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref15
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref15
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref15
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref16
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref16
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref16
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref17
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref17
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref17
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref17
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref18
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref18
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref19
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref19
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref19
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref20
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref20
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref20
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref20
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref21
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref21
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref22
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref22
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref22
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref22
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref23
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref23
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref23
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref23
http://refhub.elsevier.com/S0925-8388(20)30021-9/sref23

	Effect of heat treatment on the interface of high-entropy alloy particles reinforced aluminum matrix composites
	1. Introduction
	2. Experimental
	2.1. Samples preparation
	2.2. Nanoindentation experiment

	3. Results and discussions
	3.1. Microstructure
	3.2. Interface layer analysis
	3.3. Micromechanical properties

	4. Conclusions
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgement
	References


