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Effect of Intermetallic Compounds on the Microstructure,
Mechanical Properties, and Tribological Behaviors
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A novel aluminum matrix composites (AMCs) reinforced by multiphase intermetallic compounds were
fabricated through a conventional casting approach. The microstructure, compression properties and tri-
bological behavior of the AMCs were detailed studied by the scanning electron microscope (SEM), x-ray
diffraction (XRD), and electron probe microanalysis (EPMA). The results demonstrated that the fraction of
precipitated multiphase intermetallic compounds gradually increased with the increase of high-entropy
alloy (HEA) adding content, and the grain size of a-Al obviously was reduced. The irregular multiphase
intermetallic compounds, such as Al70Cr20Ni10 and AlTiCrSi, are distributed in the Al matrix. However, the
Al2Cu and Al7Cu4Ni distributed in inter-dendrites of a-Al. In addition, the compression strength of AMCs
reinforced by 20.0 wt.% HEA addition was significantly enhanced to 530 MPa due to the precipitation of
multiphase intermetallic compounds. Meanwhile, its compression strain was higher than 25%. Compared
with pure Al, the microhardness of AMCs was extremely increased to 160 HV when the addition content of
HEA was up to 20.0 wt.%. When the addition amount of HEA reached 10.0 wt.%, the COF of the ACMs
was decreased by 51.6% from 0.766 to 0.371. When the HEA content was up to 20.0 wt.%, the wear rate
reached the minimum of 4.873 1025 mm3/NÆm, which was reduced by 31.9% compared with pure Al.
Furthermore, the strengthening effect and wear mechanism of AMCs reinforced by HEA addition was also
discussed.
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1. Introduction

Metal matrix composites (MMCs) are prepared by intro-
ducing reinforcement with certain mass fraction into matrix
alloys. In recent years, aluminum matrix composites (AMCs)
have attracted great interest of numerous scholars due to many
excellent properties such as high specific strength and specific
modulus, superior wear resistance, light weight and low
thermal expansion coefficient. Therefore, the AMCs are widely
used in aerospace and automobile manufacturing fields to
substitute for traditional aluminum alloys (Ref 1-4). The
particles (Ref 5, 6), fibers (Ref 7), and whiskers (Ref 8) act
as the different reinforcements to enhance the properties of

aluminum alloys. Generally, the ceramic particles reinforced
AMCs exhibit higher specific strength, elastic modulus, and
superior elevated-temperature performance (Ref 9-12). In
addition, compared with pure aluminum or aluminum alloys,
the reinforced AMCs have higher hardness, wear-resistance,
and deformation resistance (Ref 13).

The high entropy alloys (HEAs), consisted of five or more
elements in an equiatomic or near equiatomic, was proposed by
Yeh et al. in 2004. These researches showed that the HEAs
present extremely high hardness, exceptional elevated temper-
ature strength, and superior compressive properties (Ref 14,
15). Recently, Laplanche et al. (Ref 16) found that the HEAs
and metal matrix have extremely close thermal expansion
coefficients, and there is the absence of phase transformation
during cooling. Hence, the high entropy alloy particles (HEAp)
can be regarded as the candidates for the reinforcement to
strengthen aluminum alloys. Praveen Kumar et al. (Ref 17)
indicated that the yield strength of AA 2024-15.0 wt.% HEAp
composites was remarkably enhanced from 207 to 406 MPa,
and the Vicker’s hardness also was improved significantly. In
addition, the previous study indicated that the both coefficient
of friction (COF) of composites and the mass fraction of HEAp
have a negative correlation (Ref 18). Yuan et al. (Ref 19)
successfully fabricated AMCs by introducing HEAp into 2024
Al alloys through spark plasma sintering (SPS). It was found
that the hardness (127.78 HV) of the AMCs increased by
63.7% compared with the unreinforced 2024 Al alloys (78.26
HV). The compression strength of 2024 Al alloy reinforced by
Al3FeCrCoNi HEAp was up to 710 MPa (Ref 20). The
compression strength and elongation of AMCs, manufactured
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by introducing Al0.25Cu0.75FeNiCo HEA into 7075 Al alloy via
mechanical alloying technology were 436.7 MPa and 11.42%,
which were increased by 19.8% and 36.6%, respectively.
Meanwhile, the elastic modulus of AMCs also was improved
by 12.2% from 71.2 to 79.9 GPa (Ref 21). Lately, it was
reported that the 12.0 vol.% CoCrFeNi/5083 composites were
prepared by friction deposition technique. Karthik et al. (Ref
22) observed that there was the absence of precipitated
intermetallic compounds on the interface between reinforce-
ment (CoCrFeNi) and matrix (5083 Al alloys), and the yield
strength and ductility obviously increased comparing with 5083
alloys. Furthermore, the compressive strength of Al0.6CoCrFe-
Ni/Al65Cu16.5Ti18.5 composites, prepared by spark plasma
sintering (SPS), was increased by nearly 83.5% from
1700± 80 to 3120± 80 MPa (Ref 23). Similarly, Chen et al.
(Ref 24) fabricated 10.0 wt.% and 20.0 wt.% AlCoCrFeNi/Cu
composites by powder metallurgy. The result showed that the
interface between HEAp and Cu matrix has no reaction
product, and the compressive strength was significantly
improved. In addition, Al matrix composites with Al3Ni and
Al3Ti intermetallic compounds reinforcement have been
reported (Ref 25, 26). Besides, it proved from our previous
studies that the intermetallic compounds can be formed after
introducing the AlCoCrFeNiTi HEA into pure Al, which is
beneficial for the tensile properties of pure Al (Ref 27).

As a consequence, the AlSiTiCrNiCu HEA was chosen as
the raw materials to prepare the Al matrix composites with
multi-phases intermetallic compounds through the conventional

casting approach. The purpose of the present work is to discuss
the relationship between microstructure, mechanical properties
and friction behavior of AMCs by adding AlSiTiCrNiCu HEA
to pure Al melting.

2. Experiment Details

Al, Si, Ti, Cr, Ni and Cu elements with the purity of 99. 9%
are used as raw materials to fabricate HEA by smelting in
vacuum arc furnace filled with high purity argon atmosphere.
The prepared AlSiTiCrNiCu HEA samples were melted
repeatedly 4-5 times to ensure the uniformity of chemical
composition (Ref 28).

The pure Al was selected as the matrix material, and its
chemical composition is listed in Table 1. The pure Al was
placed in graphite crucibles to heat and melt by resistance
furnace at 760 �C. Meanwhile, the well-fabricated AlSiTiCr-
NiCu HEA (5.0, 10.0, 15.0, and 20.0 wt.%) was preheated to
800 �C. The pure Al was completely melted at 800 �C, and
then, the preheated HEA was added into the aluminum melt
according nominal addition concentration. In order to promote
the dissolution of HEA in the aluminum melt, the melt was
stirred every 5 min until the HEA completely melted to Al
melting. The melt was degassed by hexachloroethane (C2Cl6)
after being kept at 800 �C for 30 min.

Five groups metallographic specimens were taken from the
same position of the as-cast rods and etched with Keller’s
reagent. The microstructure of composites was characterized by
optical microscopy (OM, VHX-1000) and scanning electron
microscope (SEM, JSM-6700F). Simultaneously, the x-ray
diffraction instrument (D/max-2400) and electron probe micro-
analysis (EPMA) were used to analyze the phases in AMCs.

In order to investigate the mechanical properties of AMCs,
the compression specimens (the length of 20 mm and the
diameter of 10 mm) were machined according to the GB/T

Table 1 Chemical composition of pure Al, wt.%

Fe Si Mn Mg Zn Cu Al

0.28 0.13 0.10 0.10 0.0044 0.0013 Bal

Fig. 1 EPMA analysis of AlSiTiCrNiCu HEA: (a) back-scattered electron image; (b) Al element; (c) Si element; (d) Cu element; (e) Ti
element; (f) Cr element; (g) Ni element
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7314-2005. The compression experiment was carried out by the
material tensile testing machine (speed: 0.5 mm/min; temper-
ature: 25 �C). The microhardness was measured by Micro
Vickers Hardness Tester (0.1 kg of load and 10 s of dwell
time). In addition, the friction specimens (the diameter of
12 mm and the length of 3 mm) were prepared from the pure

Al and AMCs to assess the tribological properties of various
AMCs. And then, the completed dry sliding friction on the HT-
1000 high-speed circular motion friction tester was conducted
under certain conditions (slide rate of 0.15 m/s, load of 10N,
slide time of 30 min and temperature of 25 �C). Particularly,
according to the test machine regulations, choose 316L small
steel ball (the hardness of steel ball is 265HV) and friction
specimens as a pair of friction pairs.

3. Results and Discussions

3.1 Microstructure Characterization

Figure 1(a)-(g) indicate the elemental distribution results of
HEA by EPMA. It can be observed that the HEA is composed
of white phase, gray phase and black phase, which are,
respectively, marked as A, B and C. The A phase contains Al,
Ti, Cu and Ni elements, and the elements constitute of B phase
is same as A phase. The C phases consist of Si, Ti, Cr, Ni, and
Cu elements. Meanwhile, the Cr element enriches in some areas
of the black C phase. Figure 2 shows that the XRD diffraction
pattern of AlSiTiCrNiCu HEA. The diffraction peaks are made
up of body-centered cubic (BCC) phases and face-centered
cubic (FCC) phases. The literature shows that there are two
types of BCC1 and BCC2 structure. The BCC1 is the poor Cr
phases, while the BCC2 phases should be Cr3Si phases (Ref

Fig. 2 XRD pattern of AlSiTiCrNiCu HEA

Fig. 3 Optical micrograph of pure Al with the various content of HEA: (a) 5.0 wt.% HEA; (b) 10.0 wt.% HEA; (c) 15.0 wt.% HEA; (d) 20.0
wt.% HEA
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29). In addition, the FCC should be the AlCuNi solid solution.
On the basis of analysis results in Fig. 1 and 2, it can be
concluded that three different phases are co-existence in HEA.

Figure 3 shows the optical micrograph of pure Al with
various addition content of HEA. It is clearly shown from
Fig. 3(a)-(d) that the microstructural morphology and precip-
itated intermetallic compounds present obvious change when
the different content HEA (5.0, 10.0, 15.0 and 20.0 wt.%) are
added to pure aluminum. The microstructure of AMCs with
5.0 wt.% HEA addition is demonstrated in Fig. 3(a). The
irregular blocky and flake-like intermetallic compounds form
and distribute in the a-Al matrix. After introducing 10.0 wt.%
HEA, as shown in Fig. 3(b), the volume fraction of intermetal-
lic compounds increase significantly. Hence, it is inferred that

the amounts of intermetallic compounds increase with the
increasing addition content of HEA, and their dimension also
occurs to significant variation. Furthermore, the segregation
phenomenon of the intermetallic compounds is remarkable.
Sasikumar and Kumar (Ref 30) found that the segregation
phenomenon is related to the motion velocity of the solid-liquid
(S-L) interface during solidification. Figure 4 presents the
micrograph of Al matrix composites with various adding
concentration of HEA in pure Al. It also demonstrates the
evolution process of a-Al dendrites. Figure 5 shows the average
grains size of a-Al in Al matrix composites by adding different
HEA content. Figure 4(a) shows the microstructure of pure Al,
which consists of well-developed and irregular equiaxed crystal
structure. In addition, the grain size of a-Al is about 220 lm.

Fig. 4 SEM micrograph of pure Al with the different concentration of HEA: (a) without HEA; (b) 5.0 wt.% HEA; (c) 10.0 wt.% HEA; (d)
15.0 wt.% HEA; (e) 20.0 wt.% HEA; (f) magnified image of local area in (e)
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Figure 4(b) is the microstructure of AMCs, which is prepared
by introducing 5.0 wt.% HEA into pure Al. Compared with
Fig. 4(a), the average grain size of the a-Al grains is sharply
reduced to 41 lm. With the further increment of the adding
content of HEA, it can be seen from Fig. 4(c) that the grain size
of a-Al is obviously refined to 32 lm. When introducing

content of HEA is up to 20.0 wt.%, the grain size of a-Al is
decreased to 15 lm and the morphology obviously transforms
from well-developed irregular equiaxed grains to dendritic
structure, as shown in Fig. 4(e). It can be found from Fig. 5 that
the size of a-Al decreases continuously with the increase of
HEA addition content, and the size is the smallest when the
addition content of HEA is 20.0 wt.%. This is due to the
increase HEA addition concentration in pure Al, which leads to
an increase in nucleation rate and the precipitated intermetallic
compounds inhibits the growth of crystals (Ref 31). Lots of
solute atoms are pushed to the front of solid-liquid interface in
solidification due to very limited solid solubility, and multiple
intermetallic compounds precipitate in the surface. Related
research shows that the atoms aggregation on the interface can
increase constitutional undercooling and restrict the crystal
grows ahead of solid-liquid interface in solidification (Ref 32).
Additionally, it is observed from Fig. 4(f) that the blocky
intermetallic compounds are distributed in the grain boundaries.
Figure 6 is high magnification SEM images of AMCs, which
are prepared through adding different contents of HEA to pure
Al. It can be distinctly revealed from Fig. 6(a) that white and
discontinuous precipitates distribute in the grain boundary.
When 10.0 wt.% HEA is introduced to pure Al preparing
AMCs with multiple intermetallic compounds, the agglomer-
ation phenomenon appears, as shown in Fig. 6(b). In addition, it
can be evidently seen from Fig. 6(c) that the white precipitates

Fig. 5 The average size of a-Al in pure Al with the different HEA
concentration

Fig. 6 High magnification SEM images of pure Al with the different content of HEA: (a) 5.0 wt.% HEA; (b) 10.0 wt.% HEA; (c) 15.0 wt.%
HEA; (d) 20.0 wt.% HEA
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increase when the addition concentration of HEA increase to
15.0 wt.%. After the addition content of HEA further increases
to 20.0 wt.%, the white precipitates continuously distribute and
exist in the form of network structure, as shown in Fig. 6(d).
Figure 7 exhibits the typical mapping analysis results of Al, Si,
Ti, Cr, Ni and Cu elements in AMCs introducing 20.0 wt.%
HEA. Obviously, the ‘‘a’’ is composed of Al, Cu and Ni
elements (where the arrow points). The flake intermetallic
compounds ‘‘b’’ consists of Al, Cr and Ni elements (indicated
by the white circle). Moreover, the ‘‘c’’ contains Al and Cu
elements (indicated by the yellow circle), and the blocky
intermetallic compounds ‘‘d’’ is mainly composed of Al, Ti, Cr,
and Si elements (indicated by the yellow box). Figure 8
presents the XRD pattern of AMCs. The various peaks (Al2Cu,
Al7Cu4Ni and Al70Cr20Ni10) and unknown phases exist besides
a-Al in the AMCs, as shown in Fig. 8. Combining Fig. 7 with
Fig. 8, it can be inferred that the ‘‘a’’ phase is Al7Cu4Ni, and

the ‘‘b’’ phase is Al70Cr20Ni10. In addition, the ‘‘c’’ phase and
‘‘d’’ phase are Al2Cu and AlTiCrSi, respectively.

3.2 Compression Properties

The compressive experiment is executed for the purpose of
evaluating the compressive properties of AMCs. Figure 9 is the
macroscopic photographs of the specimens after compression.
Figure 9(a) demonstrates that pure Al has the excellent
plasticity, and there is no visible crack on the surface of the
compressive specimen. With the increase of the content of
HEA, cracks are prematurely formed on the surface of
compression specimen. Furthermore, AMCs also undergo a
distinct ductile-brittle transition. Figure 9(b) is the compressive
sample of AMCs reinforced by 15.0 wt.% HEA addition. It was
found that the deformation initiates from the sample surface and
develops into big cracks in a shear mode. Moreover, the cracks

Fig. 7 EPMA analysis of AMCs with 20.0 wt.% HEA: (a) back-scattered electron image; (b) Al element; (c) Cr element; (d) Ti element; (e)
Cu element; (f) Ni element; (g) Si element

Fig. 8 (a) XRD patterns of pure Al with the different content of HEA addition; (b) magnified curves of local area in (a)
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propagate in the direction of 45� with the loaded compression
stress (Ref 33). Ye et al. (Ref 34) proposed that the most shear
stress occurs to the direction of 45� between the loaded stress
and the compressive sample. Therefore, all failure compression
specimens have approximately identical shear fracture mode.
Figure 10 indicates the compressive stress-strain curves of the
AMCs. Table 2 presents the compressive properties of the pure
Al and AMCs. The introduction of HEA results in significant
improvement in the deformation resistance of pure Al. Hence,
the compressive strength is positively correlated with the

addition amount of HEA. Specifically, the yield strength of
AMCs reinforced by 20.0 wt.% HEA addition is 318± 6 MPa,
which is increased by 606.7% compared with the unreinforced
pure Al (45± 5 MPa), and its compressive strength also is
enhanced to 530 MPa. However, the plasticity of AMCs
presents a negative relationship with the addition amount of
HEA. It is worth notable that the transformation process of
AMCs can be distinguished into two types: complete plasticity
(5.0 wt.% HEA) and ductile-brittle transition ( ‡ 10.0 wt.%
HEA). Particularly, the AMCs exhibit distinct breaking points
and its compressive strain is more than 25% when the adding
content of HEA is up to 20.0 wt.%. This is mainly attributed to
the following two factors: (1) The presence of hard phases,
such as Al2Cu, Al7Cu4Ni, AlTiCrSi, and Al70Cr20Ni10, which
hinder the movement of dislocation (Ref 35). (2) The
precipitated intermetallic compounds have high strength and
hardness. The load applied to the substrate can be transferred to
the reinforcing phase during the deformation process (Ref 22-

Fig. 9 Morphologies of as-cast compression specimens: (a) pure Al with various HEA addition (0, 5.0, 10.0, 15.0 and 20.0 wt.%); (b) AMCs
adding 15.0 wt.% HEA

Fig. 10 The compressive stress-strain curves of pure Al adding
different HEA addition

Table 2 Compression properties of pure Al with various
content HEA

HEA
percentage

r0.2,
MPa

Compressive strength,
MPa

Strain,
%

0 wt.% 45 ± 5 … …
5.0 wt.% 128 ± 7 … …
10.0 wt.% 214 ± 6 498 42.8
15.0 wt.% 276 ± 8 516 35.7
20.0 wt.% 318 ± 6 530 25.8
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24). It has been reported that the contribution of load transfer
on strength during the mechanical test can be calculated based
on the improving shear lag theory model. The expression is
given by reference (Ref 36):

Drload ¼ 0:5VPrm ðEq 1Þ

where, rm is the yield strength of pure Al and VP is the volume
fraction of the reinforcements. Equation 1 demonstrates that
Drload is a linear relationship with VP. The VP change will
inevitably lead to change in strength. Meanwhile, according to
the Hall-Petch formula (Ref 37):

Dr ¼ k d�
1
2 � d

�1
2

0

� �
ðEq 2Þ

where k is Hall-Petch coefficient; d are mean grain diameter.
Following the formula (2), the improvement in the strength of
AMCs is due to the reduction of grain diameter. In addition, the
compression fracture morphology of the composites is shown
in Fig. 11. The fracture surface of the AMCs reinforced by 15.0
wt.% HEA addition is composed of many slip bands, and its
fracture feature is dominated by the slip fracture, whereas the
fracture surface of AMCs exhibits typical ductile-brittle mixed
fracture when the addition content of HEA is up to 20.0 wt.%.

3.3 Microhardness

According to the previous research on the microstructure of
AMCs, the HEA is introduced into pure Al preparing aluminum
matrix composites reinforced by multiphase intermetallic

Fig. 11 The compressive fracture surfaces of AMCs: (a) 15.0 wt.% HEA; (b) 20.0 wt.% HEA

Fig. 12 The microhardness of pure Al with different HEA content

Fig. 13 The change in COF curves of pure Al adding different
HEA content

Fig. 14 Average COF and wear rate of pure Al with various HEA
content
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compounds (Ref 27). Thus, the measurement of microhardness
is crucial to evaluate the reinforcement effect. In order to ensure
the accuracy of microhardness values measured by the
experiment, five different positions are selected for microhard-
ness test on each specimen, and the Vickers hardness of pure Al
and AMCs with different content of HEA addition is reflected
in Fig. 12. It is found that the microhardness value of the AMCs
significantly increase with the volume fraction of the rein-
forcement of multiple intermetallic compounds. This is because
that the fraction of hard and brittle intermetallic compounds
also increases as the adding content of HEA increases, which
improve the microhardness of AMCs. Specifically, the micro-
hardness value of pure Al is only 28 HV, which is lower than
the microhardness value (57 HV) of the AMCs reinforce by 5.0
wt.% HEA addition. When 10 and 15 wt.% HEA is introduced

to pure Al preparing AMCs, the microhardness improves to 82
HV and 114 HV, respectively. Moreover, the microhardness
value of the AMCs reinforced by 20.0 wt.% HEA addition is up
to 160 HV. Generally, the AMCs with outstanding microhard-
ness usually will present superior wear-resistance performance
based on the numerous previous research results, such as the
AMCs reinforced by B4C, TiB2 reinforcement (Ref 38, 39).
Therefore, it is necessary to study the sliding friction behavior
of AMCs reinforced by adding HEA to pure Al.

3.4 Friction Properties

Figure 13 reveals the dry sliding coefficient of friction
(COF) curve for the pure Al and AMCs under the same
conditions (10 N and 200 r/s). Distinctly, compared with pure

Fig. 15 Low magnification SEM micrographs of worn surfaces of pure Al with different HEA contents: (a) without HEA; (b) 5.0 wt.% HEA;
(c) 10.0 wt.% HEA; (d) 15.0 wt.% HEA; (e) 20.0 wt.% HEA
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Fig. 16 High magnification SEM micrographs of worn surfaces of pure Al with different HEA contents: (a) without HEA; (b) 5.0 wt.% HEA;
(c) 10.0 wt.% HEA; (d) 15.0 wt.% HEA; (e) 20.0 wt.% HEA

Fig. 17 EPMA analysis of worn surfaces of pure Al: (a) back-scattered electron image; (b) Al element; (c) O element
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Al, the COF of AMCs is lower and the fluctuation amplitudes is
small. It is observed from the curve of COF that pure Al
exhibits the highest fluctuation amplitudes. This is because that
a large quantity of debris and residual caters are formed on the
worn surface during severe wear processes (Ref 7). In addition,
Adegbenjo et al. (Ref 40) found that the large fluctuation
amplitudes of COF are affected by the adhesive wear mech-
anism of pure Al. However, the composites exhibit higher
mechanical properties and its surface oxide film is not easily
damaged during the friction process, which results in lower
fluctuation amplitude of the COF (Ref 7). In addition, Fig. 14
intuitively reflects the average COF and wear rate of pure Al
and AMCs. The COF of pure Al is as extremely high as 0.766,
and the wear rate is 7.159 10�5 mm3/NÆm. This is related to
some characteristics of pure Al, such as low strength, low
hardness and low plastic deformation resistance. It also can be
seen from Fig. 14 that the COF and wear rate of the AMCs
significantly decrease with the increase of the content of HEA
addition. When the addition amount of HEA reaches 10.0
wt.%, the COF of AMCs is only 0.371. Compared with the

pure Al, the COF of ACMs is reduced by 51.6%. However,
with the further increase of the HEA content addition, the COF
of the ACMs begins to increase. The wear rate of the ACMs
continues to decrease with the increase of the HEA content.
When the HEA adding content is 20.0 wt.%, the wear rate
reaches the minimum of 4.879 10�5 mm3/NÆm, which is
reduced by 31.9% compared with pure Al. Zhang et al. (Ref 41)
conducted scratch and wear tests on SiC and Al2O3 particle-
reinforce 6061 ACMs and found that the COF of the material
was improved with the increase of particles addition content.
The Rohatgi et al. (Ref 42) showed that the COF of the
composites was reduced when solid lubricating particles such
as graphite were added to the Cu matrix. However, when the
graphite content exceeds 20.0 wt.%, the COF of the copper-
based composites occurred to increasing. In this study, with the
increase of HEA addition, the volume fraction of forming hard
and brittle intermetallic compounds in solidification increase
distributed in matrix leading to hardness improving of AMCs.
Therefore, when the adding content of HEA reaches 15.0 wt.%,
the COF of ACMs begins to increase. However, these

Fig. 18 EPMA analysis of worn surfaces of AMCs with 20.0 wt.% HEA: (a) back-scattered electron image; (b) Al element; (c) O element; (d)
Cr element; (e) Ti element; (f) Cu element; (g) Ni element; (h) Si element

Fig. 19 SEM images of worn debris: (a) pure Al; (b) AMCs with 20.0 wt.% HEA
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precipitating intermetallic compounds distributing in soft a-Al
matrix can decrease the direct contact between the friction
medium and Al matrix. Hence, the wear rate of the ACMs
occurs to reduce with the increase of forming intermetallic
compounds in solidification. Figure 15 and 16 exhibits the
SEM images of the worn surface of pure Al and AMCs at
different magnifications. The wear surface of pure Al has an
obvious delamination, severe plastic deformation, and violent
adhesive wear activities, as shown in Fig. 15(a). Moreover, in
the process of friction and wear, it is observed that the surface
of pure Al sample happens to peel off, as shown in Fig. 16(a).
Hence, the wear mechanism of pure Al should be delamination
wear and adhesive wear (Ref 7). It is found in Fig. 15(b) and
16(b) that the delamination and adhesive wear phenomenon on
the worn surface is significantly weakened than that of pure Al
sample when the addition amount of HEA is 5.0 wt.%. In
addition, it is observed from Fig. 15(c) and (d) that the
delamination of the worn surface is further reduced and
accompanied by slight adhesive wear when 10.0 and 15.0 wt.%
HEA is introduced to pure Al. Moreover, the shallow grooves
and some debris can be observed at corresponding high
magnification, as shown in Fig. 16(c) and (d). When the
increment of HEA is up to 20.0 wt.%, the surface appears
severe abrasive wear accompanied by deep grooves, as
demonstrated in Fig. 15 (e) and Fig. 16(e). The previous
studies have illustrated that composites easily formed mechan-
ical mixed layer (MML) on the wear surface, which is
constituted of reinforcing phase, matrix and oxides. Moreover,
the hard MML will reduce the loss of material during friction
process (Ref 43, 44). Meanwhile, the forming debris exists in
the friction surface and acts as MML (Ref 43). In addition, the
steel ball and the matrix can be isolated by forming the MML,
which can act as solid lubricant decreasing the COF (Ref 45).

Figure 17 and 18 shows EPMA analysis results of worn
surface of pure Al and AMCs with 20.0 wt.% HEA addition,
respectively. It is worth noticing that the oxygen content of the
former is significantly higher than the latter. This result
indicates that the pure Al is more prone to oxidation during
dry sliding friction. The content of Al and O elements are
particularly high on the friction surface of pure Al. Therefore,
the worn surface of pure Al is mainly dominated by oxides.
Moreover, the MML layer is relatively sparse and thin.
Although the oxygen content slightly decreases with the
increase of reinforcement, the content of Cr, Ti, Cu, and Si
elements distinctly improve, as shown in Fig. 18. The MML
with abundant intermetallic compounds and oxides can be
clearly observed on the friction surface of preparing AMCs
with 20.0 wt.% HEA addition.

Figure 19 presents SEM images of worn debris collected
from pure Al and AMCs with 20.0 wt.% HEA addition to
further investigate their tribological behavior. Figure 19(a)
reveals the worn debris of pure Al. It can be observed from
Fig. 19(a) that the debris exists in the form of large flakes,
which indicates typical delamination wear mechanism. Com-
pared with pure Al, the size of worn debris of the AMCs
reinforced by 20.0 wt.% HEA addition is significantly reduced,
and there are also some small particles, as shown in Fig. 19(b).
The phenomenon shows that the wear mechanism of the AMCs
is abrasive wear (Ref 7). Combined with the above analysis, it
can be inferred that as the content of HEA increases, the
volume fraction of hard and brittle compounds in the matrix
increases. The reinforcing phases also act as MML and protect
the friction surface. Therefore, the wear rate of AMCs gradually

decreases and the wear mechanism transfers from layered and
abrasive wear in pure Al to abrasive wear in AMCs.

4. Conclusions

In this study, a novel aluminum matrix composites rein-
forced by multiphase intermetallic compounds were fabricated
through conventional casting approach. Conclusions from this
work are as follows:

1. The fraction of precipitated multiphase intermetallic com-
pounds gradually increases with the increase of HEA
addition, and the grain size of a-Al obviously reduces.

2. The irregular multiphase intermetallic compounds, such
as Al70Cr20Ni10 and AlTiCrSi, are distributed in the Al
matrix; however, the Al2Cu and Al7Cu4Ni are distributed
in inter-dendrites of a-Al.

3. The compression strength of AMCs reinforced by 20.0
wt.% HEA is enhanced to 530 MPa due to the precipita-
tion of multiphase intermetallic compounds. Meanwhile,
its compression strain exceeds 25%.

4. Compared with pure Al, the microhardness of AMCs is
extremely increased to 160 HV when the addition content
of HEA is up to 20.0 wt.%. When the addition amount
of HEA reaches 10.0 wt.% that the COF of the ACMs is
decreased by 51.6% from 0.766 to 0.371. When the
HEA content is 20.0 wt.%, the wear rate reaches the
minimum of 4.87 9 10�5 mm3/NÆm, which is reduced
by 31.9% compared with pure Al. Judging from the
friction surface, the wear mechanism of pure Al is
layered wear and abrasive wear, but the ACMs pre-
pared by adding 20 wt.% HEA is abrasive wear.
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