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Abstract

The microstructure, mechanical properties and tribological
behaviors of aluminum matrix composites with different
contents of AlFeNiCrCoTi high-entropy alloy (HEA) (4.0,
5.0 and 6.0 wt%) were investigated. The as-cast specimens
were analyzed by the scanning electron microscopy and
electron probe micro-analysis. The results indicated that
flake-like and blocky intermetallic compounds precipitated
distributing in o-Al matrix in the solidification when the
concentration of HEA was more than 4.0 wt% in pure
aluminum. Moreover, as the content of HEA increased, the
number of the intermetallic compounds increased. Mean-
while, a new phase formed and it distributed inter-dendrite
of a-Al in the solidification, which morphology was rod-
shaped and the diameter was less than 200 nm. The area
fraction of the nano-phases increased, and the diameter
decreased with increasing the addition of HEA in pure
aluminum. The tensile test illustrated that the ultimate
tensile strength increased firstly and then decreased with
the increase of HEA content. When the addition concen-
tration of HEA was 4.0 wt%, the ultimate tensile strength

enhanced from 58 to 142 MPa. When 5.0 wt% HEA was
added into pure aluminum, the ultimate tensile strength
further improved from 142 to 170 MPa. In addition, the
elongation decreased from 40.6 to 22.7%. However, when
6.0 wt% HEA was added into pure aluminum, the ultimate
tensile strength and elongation reduced to 157 MPa and
18.2%, respectively. The tribological behaviors of alu-
minum matrix composites were investigated under the
condition of seawater. The friction coefficient and wear
rate of aluminum matrix composites significantly decreased
with the increase of HEA content. Moreover, when the
addition level was up to 6.0 wt%, the friction coefficient of
aluminum matrix composites decreased by 71.1% from
0.83 to 0.24, and wear rate decreased by 90.8% from
248 x 107 m’ N ' m™ " 10227 x 107w’ N~ m™".

Keywords: aluminum matrix composites, high-entropy
alloy, microstructure, mechanical properties, tribological
behaviors

Introduction

With the rapid development of science and technology,
aluminum matrix composites (AMCs) occupy a crucial
position in the aerospace, aircraft and automobile manu-
facturing industries due to their high wear resistance, high
specific strength, light weight, low thermal expansion and
stability at elevated temperature. The AMCs are expected to
become candidate in the place of casting and wrought alu-
minum alloys.'* Therefore, researchers made many efforts
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to investigate the effect of reinforcement on the
microstructure, mechanical properties and tribological
behavior of AMCs to improve the mechanical properties and
wear resistance. There are three types of reinforcements for
aluminum and its alloys: particle reinforcement,”* whisker
enhancement,5 and fiber reinforcement.® The hardness and
deformation resistance of AMCs can significantly improve
due to the presence of reinforcement.” Yue et al.® found that
whisker-reinforced AMCs have higher strength, higher
hardness and wear resistance than aluminum and its alloys.
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In addition, AMCs through carbon fiber-reinforced com-
posites exhibit high strength, high modulus of elasticity and
low density.”'? Metal matrix composites (MMCs) rein-
forced with ceramic particles have high specific strength,
modulus and excellent high temperature performance.''~'*
The high-entropy alloys (HEAs) are comprised of five or
more elements and are different from the traditional multi-
component alloys, which possess high strength, high hard-
ness, wear resistance, good plasticity, oxidation resistance
and good physical properties.'>™"” In addition, it has been
found that the microstructure of HEAs belongs to a mixture
of solid solutions with BCC and FCC and intermetallic
compounds.'®'? Hence, researchers have used high-entropy
alloy particles as reinforcing phase to prepare Al-based and
Cu-based materials with good comprehensive properties in
recent years.”>*! It has been reported that between the par-
ticles of HEA and aluminum matrix have excellent interfa-
cial wettability and compatibility.”’ Hence, the HEA can be
used as the reinforcement in order to prepare AMCs. It was
reported that Al;FeCrCoNi/2024 composites have been
successfully prepared by ball milling, and the compression
strength reached 710 MPa under the appropriate hot extru-
sion process.”> Karthik et al.*® fabricated 12 vol% CoCr-
FeNi/5083 aluminum alloy composites by friction
deposition technique and found that the bonding strength
was tight on the interface between CoCrFeNi and aluminum
matrix, and no intermetallic compounds precipitated from
interface. Meanwhile, the yield strength and ductility sig-
nificantly increased. Chen et al.>' successfully manufactured
copper matrix composites (CMCs) containing 10 wt% and
20 wt% AlCoCrFeNi HEA by powder metallurgical tech-
nology. It was found that the HEA did not react with copper
atoms on the interface between HEA particles and the copper
matrix. After testing the yield strength of the copper matrix
and CMC:s, it was found that the yield strength of the com-
posites with HEA was enhanced to 240 MPa and 330 MPa,
respectively. Luo et al.?* have successfully prepared
5.0 vol% Alg,5Cug75sFeNiCo/7075 aluminum composites
by mechanical alloying method. The elastic modulus
enhanced from 71.2 to 79.9 GPa, and the ultimate tensile
strength improved from 364.5 to 436.7 MPa. Meanwhile, the
elongation also increased from 8.36 to 11.42%. Tan et al.*
fabricated Aly¢CoCrFeNi HEA by spark plasma sintering
(SPS) to reinforce AlgsCug5T1153.5 amorphous alloy. The
compressive strength of composites was approximately
3120 £ 80 MPa, but the compressive strength of amorphous
alloy was only 1700 MPa. However, the method of tradi-
tional casting has not been used to prepare the AMCs. The
addition of HEA can dissolve into aluminum melt, and then
the intermetallic compounds and other phases form, acting as
reinforcement in the solidification.

In the previous research, the author found that the addition of
trace AlFeNiCrCoTi HEA had a significant effect on the
microstructure and mechanical properties of Al-Si alloy. The
eutectic silicon was effectively modified, and the strength and
elongation enhanced simultaneously. Thus, the author added
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AlFeNiCrCoTi HEA into pure aluminum melt to fabricate
AMCs by traditional casting method. Moreover, the
microstructure, mechanical properties and tribological
behavior of AMCs were systematically investigated and
discussed.

Experiment Procedure

AlFeNiCrCoTi HEA was prepared using high-pure metal
of Al, Fe, Ni, Cr, Co and Ti in vacuum arc furnace under
the condition of argon protection. The prepared HEA needs
to be melted repeatedly 45 times in order to ensure the
uniformity homogeneous chemical composition.

The commercially available pure aluminum (99.8%) was
melted in a Si—C rod heating furnace at 800 °C. Meanwhile,
the different amounts of HEA (4.0 wt%, 5.0 wt% and
6.0 wt%) were preheated in the resistance furnace at 800 °C.
After the pure aluminum was melted and held for 10 min,
the preheated HEA was added into the melt and stirred
strongly to ensure the HEA dissolution and guarantee the
composition homogenization in aluminum melt. After the
melt temperature reduced to 740 °C and degassed with the
hexachloroethane (C,Clg), the melt was poured into the steel
mold (the diameter 18 mm, the height 140 mm) preheated
up to 200 °C. The metallographic specimens were prepared
according to the standard metallographic preparation pro-
cess, and the specimens were corroded with electrolyte
(HC105:C,H50H = 1:9). The microstructural evolution and
phases of the specimens were analyzed by field emission
scanning electron microscope (SEM) with energy-dispersive
X-ray spectroscope (EDS) and electron probe micro-analysis
(EPMA). DSC analyzed the exothermic and endothermic
peaks in melt and solidification. The tensile specimens were
processed into 25 mm in gauge and 5 mm in diameter in
terms of the tensile sample standard. The tensile experiment
was carried out at a speed of 1 mm/min using universal
tensile machine (AG-10TA) by Shimadzu. The average
hardness of 5 points was measured by Vickers hardness with
a load of 0.2 kg and a dwell time of 10 s. In order to study
the wear behavior of AMCs, the 316L steel ball with a
diameter of 6 mm was selected as the sliding friction pair.
The seawater friction test was conducted by the HSR-2M
high-speed reciprocating friction tester with slip rate of
0.15 m/s, load of 10 N and sliding time of 30 min.

Results and Discussion

Microstructure of the Composites

The microstructure of the composites has been analyzed in
our literature.?® Four phases of A12, A2, B2 and D03 exist
in AlFeNiCrCoTi HEA, in which A12 and D03 are com-

plex crystal structure and A2 and B2 are simple body-
centered cubic (BCC) structure. It has been reported in the
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Figure 1. SEM micrographs of aluminum with different addition concentrations of HEA: (a) pure
aluminum; (b) 4.0 wt% HEA; (c) 5.0 wt% HEA; (d) 6.0 wt% HEA.

literature that A2 is FeCr-based-type solid solution and B2
is NiAi-based ordered solid solution.”” The A12 is o-Mn-
type solid solution, while D03 is solid solution of AlFe3
type.”® Figure 1 shows the microstructure of pure alu-
minum and prepared AMCs with different HEA contents. It

can be observed from Figure la that the microstructure of
pure aluminum is coarse-equiaxed grains and the mean size
is about 220 um. After 4.0 wt% HEA is added to pure
aluminum, the size of o-Al grain significantly decreases,
and the morphology obviously transforms from coarse

Figure 2. EDS results of aluminum with 6.0 wt% HEA.
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equiaxed crystals to dendritic structure due to forming the
second phases inter-dendrites of o-Al, as shown in Fig-
ure 1b. When the content of HEA increases to 5.0 wt%, it
is obvious that intermetallic compounds form distributed in
the o-Al matrix in the form of flake and block, as shown in
Figure 1c. The average length and width of the flake-like
intermetallic compounds are about 53 pm and 8 pm,
respectively, whereas the length and width of the blocky
intermetallic compounds are about 24 pm. When the con-
tent reaches 6.0 wt%, it can be seen from Figure 1d that the
morphology of intermetallic is still flake and block, but the
number of intermetallic significantly increases and uni-
formly distributes in matrix. However, the average length

and width of the flake-like intermetallic increase to 82 pm
and 12 pm, respectively. The sample adding 6.0 wt% HEA
to the aluminum melt is analyzed by energy-dispersive
X-ray spectroscope (EDS), as shown in Figure 2. The
result shows that the flake-like intermetallic is mainly
composed of Al and Ti elements. Therefore, the flake-like
intermetallic should be Al;Ti phases. Meanwhile, the
blocky intermetallic mainly consists of Al, Ti and Cr ele-
ments, whereas Fe, Co and Ni elements uniformly dis-
tribute in the o-Al matrix. Therefore, the blocky phases are
Al-Ti—Cr ternary intermetallic compounds. Figure 3a, c, e
presents the solidified microstructure of AMCs when the
different HEA concentrations are added to pure aluminum

Figure 3. Micrographs of aluminum with different HEA contents: (a) and (b) with 4.0 wt% HEA;
(c) and (d) with 5.0 wt% HEA; (e) and (f) with 6.0 wt% HEA.
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Figure 4. SEM micrographs of new phase in aluminum with different HEA contents: (a) with 4.0 wt%
HEA, (b) with 5.0 wt% HEA and (c) with 6.0 wt% HEA.

Figure 5. EPMA analysis of aluminum with 6.0 wt% HEA.

melt, whereas Figure 3b, d, f shows magnified image of
Figure 3a, c, e, respectively. The solidified microstructure
of aluminum adding 4.0 wt% HEA is shown in Figure 3a.
It is obviously observed that the o-Al phases exist in the
form of dendritic morphology. Moreover, it can be seen

International Journal of Metalcasting/Volume 15, Issue 1, 2021

from Figure 3 that the fine second phases form during the
solidification and distribute inter-dendrite of o-Al (area
indicated by the red arrow). The solidified microstructure
of aluminum adding 5.0 wt% HEA is shown in Figure 3c,
d. Comparing Figure 3a with c, it can be observed that the
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secondary dendrite arm spacing (SDAS) gradually
decreases. In addition, the volume fraction of o-Al den-
drites also significantly decreases and the volume fraction
of fine second phases increases with increasing the addition
concentration. When the content of HEA increases to 6.0
wt%, the o-Al dendrites further decrease and the area of
fine precipitate distributing inter-dendrite of o-Al increa-
ses, as shown in Figure 3e, f.

In order to further analyze the morphology and size of pre-
cipitate distributing inter-dendrite of a-Al, the local magnified
images are adopted, as shown in Figure 4. When 4.0 wt%
HEA is added to pure aluminum melt, it can be seen from the
magnified micrograph that the fine second phases in the rod-
like morphology exist inter-dendrite of a-Al. Moreover, the
diameter of the fine precipitates gradually is reduced from 180
to 157 nm with increasing addition concentration of HEA.
After the 6.0 wt% HEA is added into aluminum melt, the
diameter of fine phases decreases to 120 nm.

According to the analysis above, the dense second phases
should be a nano-sized precipitate, and the growth direction
is different in the solidification in different areas. Some nano-
phases are perpendicular to the wall of casting mold, but
other phases are parallel to the wall of casting mold. Figure 5
shows the typical mapping analysis of the nano-phases of the
aluminum with 5.0 wt% HEA. It can be clearly seen that Cr
and Ti elements homogeneously distribute in the o- Al matrix
besides forming flake-like Al;Ti and blocky Al-Ti—Cr, but
the nano-phases mainly consist of Al, Co, Fe and Ni ele-
ments, which shows that the nano-phases distributing inter-
dendrite of a-Al should be AlCoFeNi intermetallic com-
pounds. In addition, in order to analyze forming relativity
between the o-Al and AlCoFeNi in the solidification, DSC
analysis of the specimen adding 3.0 wt% HEA to aluminum
melt is performed and the DSC curves of pure aluminum
without HEA and with 3.0 wt% HEA are illustrated in Fig-
ure 6. It is noted that the aluminum with 3.0 wt% HEA has
only one endothermic peak and one exothermic peak, as
shown in Figure 6. The result indicates that the nano-phases
and o-Al phases simultaneously precipitate in the solidifi-
cation. Hence, a eutectic reaction occurs in the solidification
when HEA dissolves to aluminum melt.

Mechanical Properties

Figure 7 shows the ultimate tensile strength and elongation
of AMCs adding different HEA concentrations to the alu-
minum melt. It can be seen from Figure 7 that the pure
aluminum has a very low ultimate tensile strength (only
58 MPa), but the plasticity is very good and the elongation
value reaches 40.6%. When the 4.0 wt% HEA is added to
pure aluminum melt, the ultimate tensile strength is sig-
nificantly improved from 58 to 142 MPa. However, the
elongation decreases to 26.6%. When the content further
increases to 5.0 wt%, the ultimate tensile strength reaches
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Figure 6. The DSC curve of pure Al without HEA and
with HEA.

170 MPa, but the elongation decreases to 22.7%. The
microstructural analysis shows that the volume fraction of
nano-phase increases and SDAS of ao-Al decreases. In
addition, flake-like Al3Ti and blocky Al-Ti-Cr inter-
metallic compounds precipitate when 5.0 wt% HEA is
added into aluminum melt. Moreover, it is worth noticing
that some Ti and Cr dissolve to aluminum forming solid
solution. Hence, the intermetallic compounds strengthen-
ing, solid solution strengthening and grain refinement
improve the strength of AMCs. However, when the addi-
tion concentration of HEA is up to 6.0 wt%, the ultimate
tensile strength and elongation decrease to 157 MPa and
18.2%, respectively. On the one hand, this may be because
of the increase of flake-like Al;Ti and blocky Ai-Ti—-Cr
intermetallic compounds with the hard and brittle proper-
ties leading to the local stress concentration. On the other
hand, the interfacial bonding strength is weakened between
the intermetallic compounds and the matrix. The result is
agreement with the previous literature.*’

Figure 8 shows the SEM images of fracture surface. It is
illustrated that the fracture surface of pure aluminum is
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Figure 7. Mechanical properties of aluminum with vari-
ous HEA concentrations.
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Figure 8. SEM image of fracture surface of aluminum with various HEA concentrations: (a) pure
aluminum; (b) 4.0 wt% HEA; (c) 5.0 wt% HEA; (d) 6.0 wt% HEA.

Figure 9. EDS results on fracture surface of aluminum with 6.0 wt% HEA.

covered by many uniform dimples, as shown in Figure 8a.
Figure 8b shows fracture surface of aluminum with the
addition concentration of 4.0 wt% HEA. It can be clearly
found that the dimple size reduces compared with pure
aluminum. As the content of HEA increases to 5.0 wt%, the
cleavage plane appears on the fracture surface (marked by

International Journal of Metalcasting/Volume 15, Issue 1, 2021

red square), and the number of dimples significantly
reduces, as shown in Figure 8c. When the addition of HEA
reaches 6.0 wt%, the blocky intermetallic compounds
appears on the fracture surface (marked by yellow arrow),
and cracks generate at the tip of the intermetallic com-
pound due to large stress concentration (marked by red
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Figure 11. Average friction coefficient and wear rate of
aluminum with various HEA contents.

arrow). Figure 9 shows SEM-EDS images of fracture
surface of the sample, which is prepared by adding 6.0 wt%
HEA to the aluminum melt. According to the mapping
analysis, it can be inferred that the blocky phase is Al-Ti—
Cr intermetallic compounds with hard and brittle proper-
ties. In addition, the blocky Al-Ti—Cr compounds present
sharp edges or ends leading to stress concentration, where
the cracks more easily form than that of matrix in tensile
tests. The cracks primarily initiate and propagate along the
interfaces between intermetallic and aluminum matrix, and
then the neighboring cracks link and cause the fracture of
the materials. Therefore, the ultimate tensile strength
decreases with increasing addition concentration of HEA.

Hard and Friction Properties
Figure 10 shows the hardness values of pure aluminum and
AMCs. It can be clearly seen that the hardness of pure

aluminum is only 26.4 HV, but the hardness value of the
composites is significantly improved with increasing
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addition concentration of HEA. When 4.0 wt% HEA is
added to pure aluminum, the hardness of the AMCs is 48.8
HV. When 5.0 wt% HEA is introduced into pure alu-
minum, the hardness value increases to 55.6 HV. When the
content reaches 6.0 wt%, the hardness value of the
preparing AMCs increased by 184.8% from 26.4 to 75.2
HV. This is because the formation of hard Al;Ti and Al-
Ti—Cr intermetallic compounds exists in the matrix.

The average friction coefficient and wear rate of aluminum
with different addition concentrations of HEA preparing
AMCs were measured in order to characterize the tribo-
logical behaviors of AMCs under the seawater environment,
as shown in Figure 11. The friction coefficient and wear rate
of pure aluminum are 0.83 and 2.48 x 1072 m*> N™' m™/,
respectively. After the addition of HEA, the friction coeffi-
cient and wear rate of AMCs are significantly decreased.
When 4.0 wt% HEA is added to pure aluminum, the friction
coefficient and wear rate of AMCs decrease to 0.36 and
192 x 107 m® N™' m™', respectively. Further increasing
the addition level of HEA to 5.0 wt% and 6.0 wt%, the
friction coefficient rate of AMCs is 0.26 and 0.24,
and the wear rate is 1.25 x 107°m’N~'m™' and
227 x 1079 m* N"' m™', respectively. The friction
coefficient and wear rate of AMCs are smaller than that of
pure aluminum. This is because pure aluminum has low
strength, low hardness and low plastic deformation resis-
tance. Hence, it is easy to form a solder joint on the contact
surface during the sliding friction process. In addition, the
presence of hard Al;Ti and Al-Ti—Cr phases in the matrix
leads to increasing hardness and wear resistance of AMCs.

Figure 12 demonstrates the SEM images of worn surface of
AMCs adding various HEA concentrations. Figure 12a
shows the friction surface of pure aluminum. Due to low
hardness of pure aluminum, there are a few of obvious
scratches and furrows on the surface. The friction surface is
cracked into pieces forming on the surface due to the large
plastic deformation during sliding friction. Figure 12b—d
indicates the friction morphology of preparing different
AMC:s. It can be seen that there are significant craters and
grooves on the friction surface denoted by yellow arrows in
Figure 12b. However, as the HEA content increases, the
craters and grooves become narrower denoted by yellow
arrows in Figure 12c, d. According to the analysis above,
the wear mechanism of pure aluminum is mainly adhesive
wear, but the wear mechanism of AMCs is abrasive wear.
Worn surface of pure aluminum is analyzed by EDS, as
shown in Figure 13. It is proved that the friction surface
mainly contains Al and O on the surface. The result shows
that the wear surface is oxidized during the friction. In
addition, worn surface of aluminum with 6.0 wt% HEA
addition is also analyzed by EDS, as shown in Figure 14.
The friction surface of AMCs is mainly composed of Al, Ti
and Cr, which shows the formation of Al-Ti-Cr inter-
metallic compounds improving wear resistance. Compar-
ing Figures 13 with 14, it is easy to find that the oxygen
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Figure 12. The worn surfaces of aluminum with different HEA contents: (a) pure aluminum; (b) 4.0

wt% HEA; (c) 5.0 wt% HEA; (d) 6.0 wt% HEA.
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Figure 13. EDS results on worn surface of pure aluminum.

content in the wear surface of the pure aluminum is higher
than that of AMCs. The addition of HEA improves the
oxidation resistance of AMCs. In addition, it can be
observed that the friction surface of pure aluminum and
AMCs has cracking phenomenon (marked by red circle)
due to the normal stress and fatigue during the sliding
process,’” and the cracking phenomenon is weakened with
increasing HEA content, as shown in Figure 12a—d. This is
because the brittle oxides are easily formed on the surface

International Journal of Metalcasting/Volume 15, Issue 1, 2021

of the pure aluminum during the friction process, and these
brittle oxides largely fall off from the surface during fric-
tion and wear.?' In addition, the friction surface of AMCs
forms fine wear particles due to the presence of Al;Ti and
AI-Ti-Cr hard phase during the sliding friction process.””
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Figure 14. EDS results on worn surface of aluminum with 6.0 wt% HEA.

Conclusions

The effects of HEA concentration on the microstructure,
mechanical properties and the tribological behavior of
aluminum were studied. Through the analysis, the con-
clusions can be summarized:

(1) When HEA is added to pure aluminum melt, o-
Al dendrites are significantly refined. The flake-
like Al3Ti and blocky Al-Ti—Cr intermetallic
compounds precipitate, and the dense nano-
phases of Al-Co-Fe—Ni form, which exist in the
form of rod-shaped morphology.

(2) The ultimate tensile strength increased by
193.1% from 58 to 170 MPa with the increase
of the addition level of HEA. However, the
elongation decreased by 44.1% from 40.6 to
22.7%.

(3) The hardness value improved by 184.8% from
26.4 to 75.2 HV after the addition of 6.0 wt%
HEA.

(4) The friction coefficient is decreased by 71.1%
from 0.83 to 0.24 and wear rate reduced by
90.8% from 248 x 10°°m’N'm™" 1o
227 x 107 m* N™" m™' when the addition
of HEA is 6.0 wt%.
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