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Abstract: AZ31 magnesium (Mg) alloy composites reinforced with CoCrFeNi high-entropy alloy (HEA) particles were
fabricated by friction stir processing (FSP). OM, SEM, EDS, and EBSD were used to characterize the microstructure of
composites. Mechanical and wear properties of the composites were investigated by tensile, microhardness, and dry
sliding wear tests. The results revealed that HEA particles were homogeneously distributed and exhibited good
metallurgical bonding with Mg matrix. The yield strength, ultimate tensile strength, and microhardness of the
composites were 80 MPa, 46 MPa, and HV 54.9 higher than those of the base metal (BM), respectively. Fine-grained
strengthening was the main strengthening mechanism whose contribution rate on the yield strength was 43.9%. The
average friction coefficient of the composites was decreased from 0.331 of BM to 0.240, and the wear mechanism was
changed from adhesive wear of BM to abrasive wear.
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1 Introduction

Magnesium (Mg) matrix composites have
attracted significant attention due to their excellent
specific strength, high hardness, and good wear
properties. Mg matrix composites reinforced with
ceramic particles are prone to crack and pore
formation due to the mismatch of thermal
expansion between the ceramic particles and Mg
matrix, leading to unfavorable mechanical
properties [1,2]. Therefore, it is imperative to
seek a new reinforcement to render the excellent
comprehensive performances to particle-reinforced
Mg matrix composites.

High-entropy alloys (HEAs), as a new type of
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metallic materials, are composed of five or more
principal elements with each elemental molar
fraction in the range of 5-35 at.% [3]. Typically,
HEAs exist as a stable solid solution with high
strength, hardness [4], wear resistance [5] as well as
excellent thermal stability [6]. Compared with that
of ceramics, the thermal expansion coefficient of
HEAs is similar to that of metals, thus, they exhibit
a better interfacial wettability with the metallic
matrix. Hence, HEAs can be used as an ideal
reinforcement for Mg matrix composites.

For example, TUN et al [7,8] fabricated Mg
matrix composites reinforced with AIMgLiCuZn
particles by powder metallurgy. The dispersed HEA
particles exhibited good interfacial bonding with
Mg matrix, but clustered particles exhibited weak
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interfacial bonding. MENG et al [9—11] prepared an
AlCoCrCuFeNi HEA coating on the Mg matrix
surface by laser melt injection. Although the
microhardness of the coating significantly increased,
the dry sliding wear performance at room
temperature decreased due to the formation of
brittle intermetallic compound (CuMg,) between
the HEA particles and matrix. In summary, it is
imperative to avoid interfacial debonding and
the formation of brittle intermetallic compound
between reinforced particles and matrix in
particle-reinforced Mg matrix composites.

Friction stir processing (FSP), as a new severe
plastic deformation technique, was developed based
on the principle of friction stir welding (FSW) [12].
So far, Al [13], Mg [14], Cu [15], Ti [16], and
steel [17] matrix composites have been successfully
produced using FSP. Compared with traditional
technologies for preparing particle-reinforced
composite, FSP exhibits the following advantages.
First, FSP is a solid-state processing technique,
which can prevent the formation of brittle phases at
the interface due to low processing temperature.
Second, FSP can improve the mechanical properties
of the composites by refining, homogenizing and
densifying the microstructure simultaneously. Third,
FSP renders precise control of microstructure by
optimizing stir tool and processing parameters [ 18].

LI et al [19] fabricated 5083Al/AlpsCoCrFeNi
composites by FSP. A new HEA (Al;CoCrFeNi)
was formed rather than intermetallic compound
at the interface between particles and Al matrix,
which enhanced interface bonding. Compared with
those of the 5083 Al matrix, the yield strength (YS)
and ultimate tensile strength (UTS) of composites
increased by 60 MPa and 65 MPa, respectively,
and the microhardness increased by 56.1%. GAO
et al [20] used FSP to prepare 5083 Al/AlCoCrFeNi
composites. The addition of the HEA particles
resulted in the increase of hardness as well as the
decrease of friction coefficient from 0.584 to 0.423.
Similarly, YANG et al [21-23] fabricated 5083Al/
AlICoCrFeNi composite using underwater FSP. The
YS and UTS of the composites were 25.1% and
31.9% higher than those of Al matrix, respectively,
while the composites maintained acceptable
elongation. Meanwhile, the microhardness was
increased by 68.8%, and the wear rate was
decreased by 48.6%. The excellent performances of
the composite were related to good metallurgical

bonding between the particles and matrix.

In summary, it is effective to employ FSP to
prepare composites. However, the fabrication of Mg
matrix composites reinforced with HEA particles by
FSP has been rarely reported. In this work, HEA
particle-reinforced Mg matrix composites were
synthesized by FSP. In addition, the effect of the
incorporated HEA particles on the microstructure
and mechanical properties of the composites was
evaluated, as well as the interface characteristic
between HEA particles and Mg matrix. This work
intends to provide a novel ideal for the preparation
of HEA particle-reinforced Mg matrix composites.

2 Experimental

2.1 Materials

A hot-rolled AZ31 Mg alloy plate with
dimensions of 160 mm % 80 mm x 4 mm was used
as the base material (BM). HEA particles were
prepared by gas atomization with a nominal
composition of CoCrFeNi (wt.%). Tables 1 and 2
summarize the chemical compositions of BM and
HEA particles, respectively. The particles exhibited
a spherical morphology with an average size of
17.5 um (Fig. 1). Following the Boltzmann’s
hypothesis on the relationship between entropy
complexity [24], the configurational entropy change
(ASconf) of HEA particles was calculated by Eq. (1):

AScon=RIn n (D

where R is the gas molar constant; # is the number
of elements. The calculated value of entropy was
11.56 J/K.

Table 1 Chemical composition of BM (wt.%)
Al Zn Si Mn Fe Ti Mg
305 092 027 028 003 0.06 Bal

Table 2 Chemical composition of HEA particles (wt.%)
Co Cr Fe Ni
24.88 25.34 25.21 24.57

2.2 FSP preparation of composites

Figure 2(a) shows the preparation procedure of
the composites. Firstly, a row of holes were
machined along the center of the plate along the
length direction (d1.5 mm, depth: 2 mm, edge
spacing: 2.1 mm, number of holes: 28). Secondly,
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Fig. 2 Schematics of FSP (a), and test samples (b) (PD, TD and ND represent processing, transverse, and normal

directions, respectively)

HEA particles were filled into the holes. Then, a
pin-free stir tool with a diameter of 10 mm was
used to prevent the particles from leaving the
matrix during FSP. Finally, the plate was friction
stir processed (FSPed) for four passes, and the
processing direction of each pass was opposite to
that of the previous one. The stir tool was made of
H-13 steel consisting of a shoulder (d15 mm) and a
simple threaded cylindrical pin (D: 5 mm, length:
2 mm). The rotation speed, processing speed, tilting
angle, and processed distance were set at
1080 r/min, 30 mm/min, 2°, 100 mm,
respectively. Argon protection was utilized to
prevent oxidation. For comparison, BM without
HEA particles was subjected to FSP under the same
parameters, which was denoted as the FSPed Mg
sample. The sample with HEA particles was
denoted as the FSPed + HEA Mg sample. The
volume fraction (V) of the HEA particles in the
processed zone was calculated by Egs. (2)—(4):

and

Vholes
Vo= (2)
P VPZ
Vholes:n Vh (3)

Vez=DLr “4)

where Vhioles 1S the volume of holes, Vpz is the
volume of processed zone (PZ), V4 is the volume of
a hole, n is the number of holes, D is the pin
diameter, L is the pin length, and r is the processed
distance.

The calculated value of V, was approximately
10%.

2.3 Characterization

The macrostructure and microstructure of BM,
FSPed Mg, and FSPed + HEA Mg samples were
characterized by optical microscopy (OM, Olympus
GX51), scanning electron microscopy (SEM,
JSM—6700F) equipped with energy-dispersive
X-ray spectroscopy (EDS) and electron backscatter
diffraction (EBSD). The metallographic specimens
were mechanically polished and etched using a
corrosive solution (4.2 g picric acid, 10 mL acetic
acid, 10 mL water, and 100 mL absolute ethanol)
for 10 s. The EBSD specimens were electrolytically
polished in a perchlorate alcohol solution. The
polishing voltage, temperature, and time were 12V,
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=20 °C, and 200 s, respectively.

Tensile samples with a gauge length of 4 mm,
a width of 2 mm, and a thickness of 2 mm were
machined perpendicularly to the processing direction
(Fig. 2(b)). And then, tensile tests were performed
on an Instron—8801 experimental machine at room
temperature and an initial strain rate of 1x107s™.
The microhardness tests were conducted on the
TD—-ND plane using a 401MVD hardness tester
with a load of 100 g and a dwell time of 10 s.

Wear tests were performed under dry sliding
conditions using an MS-T3001 ball-on-disc wear
tester with a GCrl15 steel ball (ball diameter: 5 mm)
at room temperature. The wear parameters included
a normal load of 10 N, a rotation radius of 5 mm, a
rotation speed of 200 r/min, and a total time
of 900s. Then, the wear morphology was
characterized by laser confocal microscopy (Smart
proof 5), and the wear tracks of the cross-section
were depicted. The wear volume (V) and wear
rate (K) were calculated according to Egs. (5) and
(6) [20], respectively.

y=SI Q)
14

K=—-
Fm

(6)
where S and [/ are average values of the
cross-sectional area and the length of the wear track,
respectively, F' is the normal load, and m is the
sliding distance.

3 Results and discussion

3.1 Macrostructure

Figure 3 shows the cross-sections of FSPed
and FSPed + HEA Mg samples. Obvious basin-
shaped PZ can be observed in the FSPed and
FSPed + HEA Mg samples. The width of PZ zone

Fig. 3 Cross-sections of FSPed (a) and FSPed + HEA (b)
Mg samples (AS and RS represent advancing sides and
retreating sides, respectively)

was equivalent to the diameter of the shoulder, and
the depth of PZ was slightly longer than the length
of the stir pin. Material flow tracks were clearly
observed in the PZ, and there were no obvious
defects, such as cavities and tunnels. The black
boxes represent sampling locations for subsequent
microstructure characterization.

3.2 Microstructure

Figures 4(a—c) show the inverse pole figures
(IPF) of BM, FSPed Mg, and FSPed + HEA Mg
samples, respectively. The BM sample exhibited
heterogeneous and coarse grains. The average grain
size (GS) was determined to be ~20 pm by the mean
linear intercept technique (Fig. 4(a)). The FSPed
Mg sample exhibited equiaxed grains with an
average grain size of ~9 pm (Fig. 4(b)). This result
indicated that PZ underwent severe plastic
deformation and dynamic recrystallization, which
can effectively refine grains during FSP. For
FSPed + HEA Mg sample, the average grain size
was reduced to ~4 um (Fig. 4(c)). As shown in
Fig. 4(d), high-density dislocations caused by the
mismatch of the thermal expansion coefficient and
elastic modulus between HEA particles and Mg
matrix provided nucleation sites for recrystallized
grains during FSP. This mechanism was particle
induction nucleation (PSN) [21], leading to grain
refinement.

Figure 5(a) shows the morphology and
distribution of HEA particles in the FSPed + HEA
Mg sample. The HEA  particles were
homogeneously distributed in the matrix without
clear agglomeration. Multi-pass FSP in the reverse
direction can effectively eliminate the uneven
fluidity on the AS and RS due to the difference in
temperature and strain. Most particles were
mechanically crushed to approximately 1 pm, while
some particles with a diameter of ~20 um were still
maintained. Figure 5(b) shows EDS mapping of
elements in a single particle. Four elements in HEA
particles were homogeneously distributed. The
interface between the particle and matrix exhibited
excellent integrity without defects, such as cracks
or weak bonding.

Figure 6 shows the interfacial morphology and
atomic diffusion between a single HEA particle and
Mg matrix. A smooth and uniform interfacial layer
was observed, with a mean thickness of ~500 nm
(Fig. 6(a)), which was significantly less than that
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produced by laser melt injection, laser additive
synthesis, and spark plasma sintering [25-27].
Generally, a thin interfacial layer is beneficial to
interfacial bonding and load transfer during plastic
deformation in composites. Figure 6(b) shows the
EDS line scanning result corresponding to the white
arrow shown in Fig. 6(a). The interdiffusion
occurred between the HEA particle and Mg matrix.
Table 3 summarizes the elemental contents of the
HEA particle near the interface (P)), the interfacial
layer (P2), and matrix near the interface (P;) in

Fig. 6(a). The main elements were Co, Cr, Fe, Ni,
and a few Mg at Point P;, while Mg was the main
element at Point Ps. The total content of Co, Cr, Fe,
and Ni was equivalent to that of Mg at Point P,.
Moreover, the proportion of Co, Cr, Fe, and Ni at
the three points was similar, indicative of no
element segregation in HEA particles during FSP.
Figure 7 shows the grain boundary of BM,
FSPed Mg, and FSPed + HEA Mg samples. Red and
black lines represent low-angle grain boundaries
(LAGBs, 2°-15°) and high-angle grain boundaries
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Fig. 6 Interfacial morphology of single HEA particle and
Mg matrix (a), and corresponding EDS result (b)

Table 3 Chemical compositions of Points P;, P, and P;
(wt.%)

Point Mg Co Cr Fe Ni
P 1.56 2387 2438 2545 2474
P, 55.71 10.66  11.13  11.48 11.02

P 82.92 4.26 4.64 4.05 4.13

(HAGBs, >15°), respectively. The proportions of
HAGBs in BM, FSPed Mg, and FSPed + HEA Mg
samples were 94.5%, 58.3% and 73.3%, respectively.
Notably, for the FSPed and FSPed + HEA Mg
samples, LAGBs were entangled inside the grains
to form fine recrystallized grains (as marked by the
black arrow in Figs. 7(b, c)), indicative of the
occurrence of continuous dynamic recrystallization
(CDRX) during FSP [28]. Under the action of high
strain and friction heat, a large number of
dislocations were generated inside the grain and
gradually accumulated to form dislocation walls,
which further absorbed dislocation to form LAGB:s.
Then, the substructures and LAGBs transformed to
HAGB:s.

Figure 8 shows the pole figures of BM, FSPed
Mg, and FSPed + HEA Mg samples. BM exhibits

LAGBs: 5.5%
HAGBs: 94.5%

and FSPed + HEA Mg (c) samples

a rolling texture with the maximum pole density of
26.7 (Fig. 8(a)). After FSP, the maximum pole
density increases to 59.6 (Fig. 8(b)). The Mg alloy
exhibits a close-packed hexagonal crystal structure,
thus the basal slip can be easily activated due to
lower critical shear stress than those of the
cylindrical and pyramidal slips, leading to obvious
change in the basal texture after FSP [29]. The
maximum pole density of the FSPed + HEA Mg
sample decreased to 19.4 (Fig. 8(c)), indicating the
weakened texture due to the addition of HEA
particles.

3.3 Tensile properties
Figure 9 shows the tensile properties of BM,
FSPed Mg, and FSPed + HEA Mg samples at room
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temperature. The YS, UTS, and elongation of the
BM sample were 102 MPa, 250 MPa, and 20.8%,
respectively. Compared with those of BM, the YS
of the FSPed Mg sample was increased to 114 MPa,
while the UTS and elongation of the FSPed Mg
sample decreased to 239 MPa and 18.1%,
respectively. The YS and UTS of the FSPed + HEA
Mg sample were increased to 182 MPa and
296 MPa, respectively, the
decreased to 11.2%.

With the addition of HEA particles, the YS of
the composite was enhanced. The strengthening
mechanisms of the composite included fine-grained
strengthening, Orowan strengthening,
expansion mismatch strengthening,
transfer effect [30].

Fine-grained strengthening (Aon) can be
calculated by Eq. (7) [31]:

while elongation

thermal
and load

Aoy =0, +-2 ™

Oy=0,+—=

H 0 \/g

where oy is the friction stress (10 MPa for the AZ31

Mg alloy); ky is the stress concentration factor

(160 MPa-um'?); d is the average grain size (4 pm).
Orowan strengthening (Adorowan) can be

calculated by Eq. (8) [32]:

0.13Gb_d,
——— Iz (8)

where G and b are the shear modulus (18 GPa)
and amplitude of Burgers vector (0.325 nm) [33] of
the AZ31 alloy, respectively; d, is the average
diameter of HEA particles (1 um); A is the average
inter- particle spacing. The value of A can be
calculated by Eq. (9) [32]:

)

where V, is the volume fraction of the HEA
particles (10%).

Thermal expansion mismatch strengthening
(Aocte) can be calculated by Eq. (10) [32]:

AO-Orowan =

©)

12ATACY,

5, (17, "

Aocqrp =aGh

where a is a proportional constant (1.25); AT is the
temperature change from processing temperature
(500 °C) to room temperature (25 °C); AC is the
difference in thermal expansion coefficient between
the HEA particles and matrix (26.23x107° K1) [30].

Load transfer effect (Aorr) can be calculated
by Eq. (11) [33]:
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1
Ao ¢ :§Vp(7m0 (11)

where omo is the YS of BM (102 MPa).
SANATY-ZADEH [34] proposed that the
strengthening effect of the above strengthening
mechanisms was not equivalent. The theoretical YS
value of the composites can be calculated by the
Klein model, which can be calculated by Eq. (12):

_ 2 2 2 2
Oyg =0y + \/AUH + A0 owan T AOCTy” A0

(12)
The calculated values of Aow, Adorowan, AocTE
and Aorr were 90, 46.1, 20.6, and 5.1 MPa,
respectively, thus, the theoretical value of YS was
205 MPa. Fine-grained strengthening was the main
factor, with a contribution rate of 43.9%, and the
contribution rates of the other three mechanisms
were 22.5%, 10%, and 2.4%, respectively. The
experimentally obtained YS of the composites was
184 MPa, which was slightly less than the
theoretically calculated value because the HEA
particles were not completely broken during FSP,
and some larger HEA particles were still retained.
Notably, although the HEA particles can
significantly refine the grains of the Mg matrix by
PSN, the strengthening generated by broken HEA
particles was not clear due to their large size.
Therefore, the Mg matrix composites reinforced by
nano-sized HEA particles will be prepared in our
future work, and the effect of particle size on the
microstructure and mechanical properties will be
clarified.

3.4 Microhardness

Figure 10 shows the microhardness profiles
across the cross-section of the BM, FSPed Mg,
and FSPed + HEA Mg samples. The average
microhardness of the BM sample was HV 55.7, and
the average microhardness of the PZ of FSPed Mg
sample was increased to HV 81.4. The average
microhardness of the PZ of FSPed + HEA Mg
sample reached HV 110.6, which was 98.6% higher
than that of the BM sample. The FSPed + HEA Mg
sample exhibited the highest hardness, which was
mainly attributed to the grain refinement. Moreover,
the fine and uniform distribution of HEA particles
in the matrix may enhance the microhardness of
composites via Orowan strengthening [35]. In
addition, thermal expansion coefficient mismatch
strengthening as well as the load transfer effect

could be considered as other reasons for enhanced
microhardness [36].

140
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Fig. 10 Microhardness profiles across cross-section of
BM, FSPed Mg and FSPed + HEA Mg samples

3.5 Wear behavior

Figure 11 shows the friction coefficients of
the BM, FSPed Mg, and FSPed + HEA Mg samples.
The average friction coefficient of the FSPed Mg
sample was 0.313, which was 5.4% less than that of
the BM sample (0.331) due to the increase in the
microhardness of the composites as a result of grain
refinement. The average friction coefficient of the
FSPed + HEA Mg sample was reduced to 0.240,
which was 23.3% and 27.5% less than those of the
FSPed Mg and BM samples, respectively. The
FSPed + HEA Mg sample exhibited the lowest
average friction coefficient because the hardest
surface involved the smallest contact area under a
constant applied load [37].

0.5
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E 03t
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B
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Fig. 11 Friction coefficients of BM, FSPed Mg, and

FSPed + HEA Mg samples
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Table 4 summarizes the results of the wear test
of the BM, FSPed Mg, and FSPed + HEA Mg
samples. BM exhibited the highest wear loss and
wear rate. After FSP, the wear rate of the
composites decreased due to the refinement of
microstructure  and the  improvement  of
microhardness. According to the Archard formula
(Eq. (9)), the wear rate was inversely proportional
to the microhardness [38]:

O=KFD/H (13)

Table 4 Experiment results of sliding wear

where Q is the wear volume per sliding distance; H
is the microhardness of the wear surface. The wear
rate of the FSPed + HEA Mg sample was 18.8%
and 15.6% less than that of the BM and FSPed Mg
samples, respectively, because the FSPed + HEA
Mg sample exhibited the lowest friction coefficient
and the highest surface hardness.

Figures 12(a, b) show the wear track of BM
sample with a width of 1043 pm. Delamination and
wear debris were clearly observed on the surface.

Sample Average area of wear track/pum? Wear volume/mm? Wear rate/(10*mm*N"!''m™!)
BM 28475 0.8946 9.49
FSPed Mg 27427 0.8616 9.14
FSPed + HEA Mg 23118 0.7263 7.71

200 pm -

Fig. 12 Wear surfaces of BM (a, b), FSPed Mg (¢, d), and FSPed + HEA Mg (e, f) samples
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Under dry slip condition, the wear mechanism of
the BM sample was adhesive wear. Micro-cracks
nucleated on the subsurface of the sample and
moved along the wear track. By the propagation of
the micro-cracks to a certain extent, the matrix
peeled off and formed delamination [39]. The
peeled debris entered into the friction pair, affording
three-body wear (sample/wear debris/friction pair),
and subsequently resulting in the instantaneous
increase of the friction coefficient (Fig. 11).
Moreover, grooves were also clearly observed on
the sample surface.

Figures 12(c, d) show the wear track of FSPed
Mg sample with a width of 969 pm. Compared with
the BM sample, the FSPed Mg sample displayed a
small quantity of wear debris, with no obvious
delamination mainly because of the improved
deformability of the Mg matrix by FSP. As a result,
the formation of micro-cracks in the subsurface is
inhibited. This indicated that the wear mechanism
of the FSPed Mg sample was changed to abrasive
wear.

Figures 12(e, f) show the wear track of
FSPed + HEA Mg sample with a width of 956 pm.
The addition of HEA particles further increased the
microhardness of the FSPed + HEA Mg sample,
leading to shallower grooves and less wear debris
than those observed in the FSPed Mg sample,
indicating that wear was weakened and the wear
mechanism changed to two-body wear (sample/
wear pair).

4 Conclusions

(1) During FSP, the HEA particles were
homogeneously distributed in the Mg matrix and
formed a good interfacial bonding with the matrix.
Cracks or brittle intermetallic compound was not
formed at the interface. The thickness of the
diffusion layer was ~500 nm.

(2) FSP resulted in the average grain size, and
the proportion of HAGBs and pole density of
FSPed Mg sample changed from 20 um, 94.5% and
26.7 to 9 um, 58.3% and 59.6, respectively. The
addition of HEA particles further refined the grains
to 4 pm, and reduced the proportion of HAGBs and
pole density to 73.4% and 19.4, respectively, due to
the PSN mechanism.

(3) The YS, UTS and microhardness of the
composite were 80 MPa, 46 MPa and HV 54.9

higher than those of BM, respectively. The
strengthening mechanisms included fine-grained
strengthening, Orowan strengthening, thermal
expansion mismatch strengthening and load transfer
effect, and their corresponding contribution rates on
the YS were 43.9%, 22.5%, 10% and 2.4%,
respectively.

(4) The average friction coefficient and wear
rate of the HEA particle reinforced Mg matrix
composite were 27.5% and 18.8% less than those of
BM, respectively. The main wear mechanism was
changed from adhesive wear (BM) to abrasive wear.
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