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Abstract: High-entropy alloy (HEA), as a class of new alloy materials characterized by high stability, excellent specific strength and

corrosion resistance, has attracted much attention in the field of aluminum matrix composites (AMCs). To study the effect on

microstructure and mechanical properties of aluminum alloys, AICoCrFeNi HEA particles reinforced ADC12 composites were

fabricated by high energy ultrasonic casting process. Subsequently, the effect of HEAs addition on the microstructure and mechanical
properties of ADCI12 alloys was investigated. Results show that the added HEA particles are tightly bonded to the aluminum matrix.

The Al,Cu phase in the matrix is refined. Meanwhile, the tensile strength and microhardness of the alloys with the addition of HEA

particles are significantly improved. The yield strength and ultimate tensile strength of as-prepared composites with 12wt% HEAs are

increased by 16.9% and 21.9% compared with those of the matrix, respectively. The wear rate of the composites is also decreased due

to the enhancement of microhardness under applied load of 20 N. It is mainly attributed to the load transfer strengthening, dislocation

proliferation and the optimization of the microstructure.
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Aluminum matrix composite (AMC), an important
component of metal matrix composite, has replaced single
types of alloys in a variety of structural and other applications
due to its enhanced properties such as high specific strength as
well as excellent mechanical and tribological properties’ . To
improve the mechanical properties of AMCs, ceramic
particles, traditional metal particles or amorphous alloy
particles (such as Al,O,, B,C, Zr particles and Ni ,Nb,) can be
used to enhance mechanical properties’®'. Prasad et al!'’
revealed that the hardness of the hybrid composite increased
with increasing the volume fraction of reinforcement particles
and the tensile properties increased with increasing the mass
fraction of the reinforcement particles. Enel et al'” studied the
effect of mixed binary graphene nanoplatelets and AL,O, on
the properties of aluminum matrix and found that the binary
graphene nanoplatelets and Al,O, create a synergic effect on
the mechanical strength of composites, and effectively
enhance the compressive capacity of the composites.
Mordyuk et al"* used Al-Cu-Fe particles on the surface of Al-
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Mg alloys to reinforce the Al-Mg matrix composite surface
layer, and found that it can significantly improve the fatigue
performance and wear resistance of the alloys. It has been
shown that improving the performance of aluminum alloys by
adding ceramic or metal particles is an effective approach.
However, the disadvantages are obvious, i.e. the interfacial
bonding of the ceramic to the aluminum alloy matrix is
relatively poor. This seriously weakens load-bearing transfer
between the reinforcement and the metal in tension or
compression"”. Amorphous metal particles bond better with
the matrix compared to ceramic particles. However, problems
such as poor hardness and brittleness severely restrict their
application"*"",

Recently, the application of high-entropy alloy (HEA)
particles in composites has attracted much attention because
HEAs, as a new type of metallic material, not only have
natural metallic properties, but also possess physicochemical
characteristics such as high strength, high hardness, high
stability, and good abrasion and corrosion resistance!® "
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HEAs do not have the disadvantage of poor wettability with
the aluminum matrix and maintain excellent strength
properties compared with ceramics or carbon materials.
Preliminary work has been carried out to study HEAs as
reinforcements for composites. Wang et al® used
FeNiCrCoAl particles in 2024Al matrix composites by
microwave low temperature sintering. The compressive
strength of the fabricated composites was increased to 248.7
MPa. Liu®" studied the diffusion layer width of AICoCrFeNi
HEAs in the matrix and the strength of the prepared
composites. There are many similar reports on the use of
HEAs in composites”™ *. These literatures express the truth
that HEAs are the better choice for reinforcement of AMCs
due to their slow diffusion behavior and interfacial fusibility
with the metal matrix compared with ceramic particles.

As we know, ADCI2 aluminum alloy with good weld-
ability, fluidity and filler-forming properties is widely used in
the fields of rail transportation, energy construction and
aerospace and aviation. With the rapid development of science
and technology, aluminum alloys such as ADC12 with high
strength, plasticity and wear resistance are strongly demanded
in industrialization® ", The development of new lightweight
and high-performance aluminum alloys has become an
inevitable trend of development™ >, Therefore, composites of
AlCoCrFeNi HEA particle-reinforced ADCI12 alloy were
fabricated by high-energy ultrasonic casting process in this
research. The effect of AlCoCrFeNi HEA particle on the
morphology was assessed as well as its impact on mechanical
properties of as-cast ADC12 alloy. Meanwhile, the interface as
well as the strengthening mechanism of HEA/ADCI12
composites in tension or compression was also studied'’.

1 Experiment

The HEAs used in this research with an average particle
diameter of 44.81 um were provided by Hunan Tianjiu Co.,
Ltd and prepared by mechanical alloying. Five pure metal
powders (purity=99.9%, particle size<50 pm) of Al, Cr, Fe, Ni
and Co were used to prepare the particles by mechanical ball
milling in argon atmosphere at a speed of 200 r/min. Fig. la
shows a typical spherical microstructure of the micron-sized
AlCoCrFeNi HEAs obtained by a field emission scanning
electron microscope (SEM, Quanta200F EDAX). Corres-
pondingly, Fig. 1b exhibits the energy dispersive spectrometer
(EDS) elemental line scan results along red line in Fig.1a. The
chemical composition of HEAs and ADCI12 alloy is shown in
Table 1 and Table 2, respectively.

HEA powder was briquetted, cut into pellets and added to
the melt. ADC12 ingot was firstly placed in an alumina
crucible and melted in a resistance furnace at 750 °C. Sub-
sequently, the prepared HEAs pellets were added to the melt
when the ingot had been completely melted. After that, the
preheated ultrasonic probe was extended to the position 20
mm below the melt surface and ultrasound (900 W, 20 kHz)
was applied for approximately 5 min. Finally, the melt was
poured into a preheated steel mold (400 °C) when the melt
temperature dropped to 700 °C. The matrix was cast by the

(=
(=

Intensity/cps
w0 Ea W
(=]
S

N3
(=
(=

Distance/pum

Fig.1 SEM image of AlCoCrFeNi HEAs (a) and EDS line scan

spectra along red line in Fig.la

Table 1 Chemical composition of AICoCrFeNi HEAs (wt%)

Co Cr Fe Ni Al
24.97 21.34 23.55 24.54 Bal.

Table 2 Chemical composition of ADC12 alloy (wt%)

Cu Fe Si Zn Mg Al
<3.5 1.2-1.5 9-12 0.5 0.3 Bal.

same process with the same ultrasonic power and time for the
comparison of microstructure as well as mechanical property.

Wear tests were carried out using a pin-on-steel disk
tribometer™ ", The wear test was carried out at a rotational
speed of 100 r/min (0.188 m/s) at room temperature under 20
N. The disk friction pair was ASTM 1045 steel with a
hardness of 55 HRC. The friction test samples were machined
into pins with 4.5 mm in diameter by wire-cutting. All test
materials had to be ultrasonically cleaned and dried prior to
wear testing. In addition, the mass of each sample was
measured before and after the wear test using a FA2204B
electronic balance with an accuracy of 0.1 mg. Wear trace
morphologies of typical samples were investigated by SEM.

The optical microstructures of the prepared composite
samples were observed with an optical microscope (OM,
Nikon ECLIPSE MA200) combined with SEM. The hardness
of all samples was measured with a micro-Vickers hardness
tester (HVS 1000A). Mechanical properties and strengthening
effect were explored by tensile tests (Fig.2) on a universal
testing machine (TXYA 105C) at room temperature with
displacement rate of 0.2 mm/min. All tests were repeated 9
times to ensure the accuracy of the values.
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Fig.2 Tensile sample of the fabricated composite

2 Results and Discussion

2.1 Microstructure

In order to investigate the presence form of HEA particles
in HEA/ADC12 composites, the element mappings analysis of
ADCI12 alloy containing 7wt% HEAs was carried out by
transmission electron microscope (TEM) and EDS, as shown
in Fig.3. It can be clearly seen that the elements belonging to
the original HEAs, such as Fe, Co, Cr, Ni and Al elements, are
in the same position in the matrix, which indicates that most
of the elements are effectively preserved due to the desirable
stability of the HEA particles, even after the high-intensity
ultrasonic casting.

Fig.4a shows a representative TEM image of 7wt% HEAs/
ADCI12 composite. It can be seen that the HEAs added into
the ADC12 matrix exhibit a clear blocky morphology, which
is consistent with Fig.2. Fig.4b shows the HEA/AI interface
morphology in the HEA/ADC12 composite. It can be seen
that the HEAs are well bonded to the Al matrix without

defects such as microcracks and holes, indicating excellent
interfacial bonding of HEAs with the aluminum matrix. It is
possible that a small number of elements on the surface of the
HEAs unavoidably react with the matrix to strengthen the
interfacial bonding. In general, a good interfacial bonding
between the reinforcement and the matrix is beneficial for the
load transfer from the matrix to the reinforcement with higher
strength®™, which will ultimately be beneficial for the strength
enhancement of the prepared composites. In addition, a large
number of dislocation clusters appear around the HEA
powder, which is due to the difference in thermal mismatch
coefficients between the reinforcement and the matrix.

Typical microstructures of ADCI12 alloys with various HEA
contents are shown in Fig. 5. As shown in Fig. 5a, the
microstructure of ADC12 alloy consists of primary aluminum,
coarse plate-like or dendritic eutectic Si, granular Al,Cu and
trace -Fe phases (coarse needle-like S-Al.FeSi)*". The coarse
Si phase, however, is a potential crack initiation point and
leads to deterioration of mechanical properties™ . When
Twt% HEAs are added to the melt, the profile of the o -Al
phase of the fabricated composites tends to be clear, and the
coarse platelet Si phase shows a tendency to be refined. As
shown in Fig. 5c, the Si phase is completely modified into a
fine fiber-like structure with the increase in the amount of
HEAs to 12wt% . The a-Al grains are further refined. The
secondary dendrite spacing decreases significantly. It can be
inferred that the addition of HEAs significantly alters the
eutectic Si phase. Meanwhile, combined with the deep
corrosion morphologies of the composites (Fig.6), it can be
found that the Al,Cu phase of elevated amount at the grain
boundaries is accompanied by a granular appearance. These
particles overlap with the refined Si phase. It is also worth

100 nm

Fig.3 TEM image (a) and EDS element mappings (b—f) of HEAs in composites
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Fig.4 TEM images of morphology (a) and magnified interface (b) of 7wt% HEAs/ADCI12 composites
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Fig.6 SEM images of ADC12 aluminum alloys free of HEAs (a) and with 12wt% HEAs (b); EDS results of area 1 (c) and area 2 (d) in Fig.6b

noting that are a small number of agglomerated phases of
HEAs, as shown in Fig.5c.
2.2 Material properties

Fig. 7 shows the stress-strain curves and average Vickers
hardness of the alloys containing different contents of HEAs,
and the tensile properties are shown in Table 3. The ultimate

tensile strength (UTS), yield strength (YS) and elongation of
the matrix are 185 MPa, 155.0 MPa and 2.47%, respectively.
It is clear that the UTS and YS of the composite samples
increase after the addition of HEAs. The UTS and YS of the
composites increased to 219.0 MPa and 171.6 MPa, respec-
tively, when the content of HEAs is 7wt% . In addition, the
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Fig.7 Tensile stress-tensile strain curves (a) and Vickers hard-

ness (b) of composites with different contents of HEAs

Vickers hardness of the composites increases to 924.14 MPa
compared to 799.68 MPa of the matrix, as shown in Fig. 7b.
However, the change in elongation is small. With further
increase in the content of HEAs in the composites to 12wt%,
UTS as well as YS of the composites is further increased to
237 and 180 MPa, which are higher than those of the matrix
alloy by 21.9% and 16.9%, respectively. The Vickers hardness
of the prepared composites shows a similar increasing trend to
999.60 MPa. The mechanical properties are strengthened,
which is related to the dislocation diffusion due to the addition
of HEAs as well as the load transfer of the strengthened
phases””.

2.3 Fractography

Fig. 8 illustrates the tensile fracture morphologies of the
composites with different HEAs contents. Fig. 8a shows the
fracture surface of as-cast ADCI2 alloy, which is mainly
composed of dimples and a few tear ribs. This indicates that
ductile fracture is the primary mode of fracture for the matrix
sample. As shown in Fig.8b, after the addition of 7wt% HEAs
to the alloy, a large number of dimples remain on the fracture
surface of the composite sample. This indicates that the
fracture mode of the sample is still dominated by ductile

fracture. In addition, some plate-like particles are found in the
larger dimples, which are confirmed as the added HEAs by
EDS. This phenomenon indicates that part of the load carrying
capacity of the sample has been successfully transferred from
the matrix to the reinforcement during the tensile test due to
the good interfacial bonding. As shown in Fig.8c, it can be
observed that the tearing surfaces as well as brittle flat surface
appear along with the presence of dimples after addition of
12wt% HEAs to the alloy. At the same time, the size and
the number of dimples show a decreasing trend. This
corresponds to the slight decrease in the elongation during the
tensile test.

2.4 Wear properties

Fig.9 and Fig. 10 exhibit the worn surfaces and coefficients
of friction of the matrix and composites under applied load of
20 N, respectively. During dry sliding friction, different
bearing materials exhibit different forms of wear. As shown in
Fig.9, there are distinctive smooth streaks and peeling pits on
the worn surface of the matrix. Severe oxide stripping and
plastic deformation occur during friction process due to the
low hardness. When 7wt% HEAs are added to the alloy, a
small number of grooves appear on the surface of the
composites. It can also be noticed that the delamination on the
surface is reduced. The width of the plastic zone also
decreases. This indicates that the wear mechanism of the
composites has changed and is dominated by abrasive wear.
As the HEA particles content in the composites increases to
12wt% , the plastic deformation bright zones on the worn
surface of the composites are hardly visible. Instead, a large
number of scraped grooves appear on the worn surface, as
shown in Fig.9c. Although delamination is still present on the
wear surface, the width of the delamination pits decreases
significantly. It illustrates that the wear resistance of the
composite is improved due to the addition of HEA particles.

The average wear rates of the test samples are exhibited in
Fig.10d. Fig.10a—10c show typical variation of coefficient of
friction (COF) with sliding time. The average COF and wear
rate of ADCI12 alloy free of HEAs are 0.350 and 22.7x10°
mm’/m, respectively. After the addition of HEA particles, the
COF and wear rate of composites are significantly decreased.
The average COF and wear rate of 7wt% HEAs/ADCI12
composite decrease to 0.317 and 19.4x10° mm’/m, respec-
tively. Furthermore, both average COF and wear rate decrease
to 0.289 and 15.8x10”° mm®/m, respectively, when the content
of HEA particles increases to 12wt%, which are much lower
than those of the matrix. However, inevitably, the smoothness
of friction decreases more significantly, which indicates an
increase in the surface hardness of the composites, as
previously described.

Table 3 Tensile properties of composites with different contents of HEAs

Material YS/MPa UTS/MPa Elongation/%

ADCI12 155.0+£5.26 185+4.82 2.47+0.27
Twt% HEAs/ADC12 171.6+3.42 219+3.20 2.75+0.23
12wt% HEAs/ADC12 180.0+4.40 237+4.20 2.13+0.14
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Fig.9 SEM morphologies of worn surfaces for as-cast ADC12 alloy (a), 7wt% HEAs/ADCI12 composite (b), and 12wt% HEAs/ADC12
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3 Discussion

The theoretical YS enhancement values of composites due
to the addition of HEAs can be analyzed by two main
enhancement mechanisms, which are considered to be load
transfer strengthening and dislocation strengthening.

(1) Load transfer strengthening. External loads are
transferred from the matrix to the reinforcement via interfacial
shear stresses, which contribute to the reinforcement to
assume loads in tension or compression state of the alloy. This
strengthening mechanism should be based on excellent
interfacial bond between the HEA particles and the martix.
The incremental expression for the contribution of this

mechanism to the YS of the composite can be calculated by
the following equation™:

Lo )

Ao =

where AO'LT is the increment value of yield strength, f; is the
volume fraction and ¢, is the YS of the matrix. Here, YS of
the matrix is equal to 154 MPa. Based on volume-to-mass
conversion, 3.9vol%—6.3vol% HEAs can be obtained. Thus,
the theoretically calculated value is 2.96—4.8 MPa.

(2) Dislocation strengthening. Dislocation strengthening is
considered to be another important strengthening mechanism
in composites that cannot be ignored. The variability in the
coefficient of thermal expansion between the matrix material
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Fig.10 Transient COF (a—c) and average wear rate (d) of the composites with different HEAs contents under 20 N: (a) HEAs-free, (b)

Twt%, and (c) 12wt%

and HEAs leads to a large number of dislocations in the
composite, as shown in Fig.11. The interaction of dislocations,
such as the accumulation of plugs and tangles, acts as an
obstacle to plastic deformation. Therefore, the presence of
such dislocations strengthens the mechanical properties of the

[38-40

composite in turn™ *, This is one of the main reasons for the

increase in microhardness of fabricated composites.

Oepr = 1.25Gb | n#fcfv )
A P

where G and b are shear modulus of the matrix (Al) and the
value of Burgers vector (0.286 nm), respectively; AT and AC
represent the difference between the preparation temperature
(720 °C) and room temperature (20 °C) and the difference in

coefficient of thermal expansion, respectively; d, is the

Fig.11 HRTEM image of dislocations in composites

equivalent diameter of HEAs. The theoretically YS value
calculated by Eq.(2) increases to 21.2-27.0 MPa.

As can be seen from the current calculations, the YS values
of the actually measured values show a small deviation from
the sum of theoretical values of YS obtained by the two
strengthening mechanisms. The small deviation of the values
is mainly due to two reasons: the inevitable HEAs
fragmentation due to high energy sonication as well as atomic
diffusion" after the addition of HEAs to the melt. This
enhances the bonding at the HEA/ALI interface. However, this
may also lead to inaccuracy in the size of some HEAs, as well
as uncertainty in the composition of the generated phases in
the vicinity of HEAs. Moreover, the increase in the
theoretically calculated YS value should be based on a
uniform distribution of all reinforcement particles. As a result,
the actual YS increments of the prepared composites deviate
from the theoretically calculated values.

In addition, it is found that the wear resistance of the
prepared composites is enhanced. The resistance to plastic
deformation of fabricated composites is improved, as shown
in Fig. 10. The plastic deformation zones decrease with the
addition of HEAs. This can be attributed to two reasons. The
increased microhardness is due to the high hardness of HEA
itself and dislocation proliferation. The Vickers hardness value
of the composite with 12wt% HEASs increases from 799.68
MPa to 999.60 MPa, increased by 25%. The increase in
Vickers hardness of the composites directly restricts the
plastic deformation of the sample during friction™ ™. In
addition, the refinement and uniform distribution of ALCu or
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Si phase further enhance the resistance to plastic deformation.
Thus, it ultimately contributes to the reduction in the wear rate
of the HEAs/ADC12 composites.

4 Conclusions

1) After the addition of HEAs to the ADC12 melt, the a-Al
dendrites are refined. The bulk Si phase as well as the Al,Cu
phase shows granular distribution at the grain boundaries.

2) The UTS and YS of 12wt% HEAs/ADCI12 composites
are 237 and 180.0 MPa, which are higher than those of the
matrix alloy by 21.9% and 16.9%, respectively. Accordingly,
the microhardness of the composite is 999.60 MPa, which is
25% higher than that of the matrix.

3) The addition of HEAs results in a significant increase in
the abrasion resistance and a decrease in the COF. The COF
and the wear rate decrease from 0.350 and 22.7x10”° mm®/m
of composites without HEAs to 0.289 and 15.8%10° mm®*/m of
composites with 12wt%% HEAs.

4) The improvement in the mechanical properties of the
composites can be attributed to the dislocation proliferation,
load optimization of the
microstructure.

transfer mechanism and
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=144 AICoCrFeNi X} Al-Si-Cu & &M ¥Fn f15 M BERY =2

RIFE!, FRER, wOB), mAE Ak’
(1. FEMIZE RS fisthlis TR%M, 1TV BEE 330036)
QILAERTRREARAR BB, LF mME 330010)
(3. FEZBBREHEERAR, WL F#2% 314101)

 E: miE4 (HEA) AlCoCrFeNifEN—HW A A &M B, HAmAE . A5 1 LU s BRI R il 255 i, TE4R IR G AR
(AMC) Uk £ % %9 « N T WL AlCoCrFeNi HEA FURL % 45 & & SO 45 M F Jy S e e msg i, SR Rl A 55l 24 7
AlCoCrFeNi HEA ki858 ADC12 E &4k, BEJG, W5 T AN HEA X ADCI12 & & oW g5 Ay 2 E R na fomi . 45 580, i
HEA Bk 5838 R BB 45 & . FRT 1 ALCu UL A 2] 74tk [N, @80T HEA ORI & S pT i s i 1 s FE 79 2 1 2 3%
fem. HEAEMLLL, & 12% (RES D HEA S -GFEH i Hiom B2 ABR BR R o B2 2l 5 1 16.9% F121.9%. £ 20 N# ~, 2H
AR 0 S 453 3 )R] S AR 52 P4 o T ARG, X A DR T A s Ak . AR TR A s M Ak o

EEIF: miA4 (HEA); ADCI2HRE4; MIEAME (AMO); Ji2EiEfE
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