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Abstract: High entropy alloy (HEA) particles are dispersed into 2024 aluminum alloy matrix by multi-pass friction
stir processing (FSP) process to prepare HEA /Al composites. The effects of FSP passes on the macro morphology,
microstructure and mechanical properties of the composites are studied. The microstructure observation shows that
increasing FSP passes contributes to the uniform distribution of high entropy alloy particles and grain refinement. The
test results of mechanical properties show that with the increase of FSP passes, the microhardness value of FSPed
composites is significantly improved, the distribution is more uniform, and the strength and plasticity are also
improved. The microhardness, strength and plasticity of five-pass FSPed composites reach 138 HV, 597 MPa and
5.1%, respectively.
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0 Introduction

Since the 1930s, aluminum alloy has become
the main material of choice for aircraft structural
components because of its good design, manufactur-
ing methods and high performance. 2024 Al alloy 1s
an age hardening aluminum alloy, and copper is the
main alloy element, which is mainly used for fuse-
lage parts'’’. High entropy alloy is an alloy com-
posed of five or more elements with equal molar ra-
tio or near equal molar ratio. It inherits the character-
istics of all elements and has excellent properties in
strength, hardness and wear resistance, which
makes it better than traditional alloys'*. Aluminum
matrix composites have attracted much attention be-
cause of their excellent mechanical properties and

good application prospects, and are regarded as an
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ideal candidate for a new generation of lightweight
high-strength materials'®’. Compared with aluminum
alloy, aluminum matrix composites have higher
Young’s modulus, stiffness,

specific specific

1451 and have made cer-

strength and wear resistance
tain applications in aerospace, transportation, elec-
tronic communication and other fields. Among
them, particle reinforced aluminum matrix compos-
ites have always been one of the research hotspots
in the field of metal matrix composites with the ad-
vantages of low cost, isotropy, and simple prepara-
tion process'®. Due to the requirements of fuselage
surface performance, several technologies have
been developed, such as high-energy laser melting
treatment "', pulsed electron beam'” plasma spray-

. [10-11]

ing , to prepare surface modified metal matrix

composites (MMC). At present, the preparation
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technologies for particle reinforced aluminum matrix
composites include stirring casting, powder metal-
lurgy, and spray molding, but these technologies
are often carried out at high temperature, and the
chemical reaction and brittle phase will occur at the
interface between particles and matrix. Therefore,
it is urgent to find a new preparation technology.
Friction stir processing (FSP) is a new surface mod-
ification technology based on the principle of friction
stir welding (FSW) "/, FSW is a solid-state con-
nection method, which is mainly applied to alumi-
num alloy, and then applied to other nonweldable
light alloys, such as copper, nickel, and titanium.
This technology needs simple process and low ener-
gy consumption. It is a green advanced manufactur-

181 Therefore, in this paper, Fe-

ing technology'
CoNiCrMn high entropy alloy particles are used as
the reinforcing phase and 2024 aluminum alloy is
used as the matrix to prepare high entropy alloy par-
ticle reinforced aluminum matrix composites by
FSP technology. The effects of processing pass on
the appearance, microstructure, microhardness and
tensile properties of 2024 aluminum matrix compos-

ites are studied.

1 Materials and Methods

The size of 2024 aluminum alloy used in the ex-
periment 1s 150 mm X 150 mm and the thickness is
5 mm. The composition is shown in Table 1. The
powder used in this study is commercial FeCoNi-
CrMn powder. Its composition is shown in Table 2,
the particle morphology is shown in Fig.1(a) and its
XRD pattern is shown in Fig.1(b). FeCoNiCrMn
high entropy alloy is mainly composed of face cen-

tered cubic (FCC) single-phase solid solution.

Table 1 Chemical composition of 2024 Al alloy (weight

percent)

Element Cu Mg Mn Fe Si Zn Ti Al
Content/% 4.6 1.52 1.45 0.15 0.06 0.08 0.048 Bal.

In order to add HEA powder to the aluminum
plate, a groove with a depth of 2.0 mm and a width

of 1.5 mm is machined along the longitudinal direc-

Table 2 Chemical composition of high entropy alloy re-

inforcement phase (weight percent)

Element N O Fe Co Cr Mn Ni

Content/% 0.013 7 0.041 0 19.55 21.18 18.84 19.88 Bal.

15.0kV 12.3mm (M LR~

(a) Morphology of FeCoNiCrMn HEA powder
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(b) XRD pattern of FeCoNiCrMn HEA powder
Fig.1 Morphology and XRD pattern of FeCoNiCrMn
HEA powder

tion of the aluminum plate, and the tungsten pow-
der is put into the groove for compression. The
workpiece with pre-placed HEA powder is clamped
on the test platform to fix the sample in place during
FSP process. In order to avoid the loss of HEA par-
ticles from the groove during FSP process, a pin-
free stirring head is used to close the groove opening
in advance. The numerical control milling machine
is used for FSP. The stirring pin is inserted into the
aluminum alloy surface and moves along the center
line of the groove. For multi pass FSP, the stirring
head moves back and forth along the same line, and
the next FSP is carried out after the workpiece is
cooled from the previous pass to room temperature.
The FSP process and process parameters for prepar-
ing HEA reinforced aluminum matrix composites
are shown in Fig.2 and Table 3, respectively.

After FSP, the cross section of the FSPed
sample perpendicular to the travel direction is cut,
polished and corroded with Keller reagent (1.0 ml
HF, 1.5 ml HCI and 2.5 ml HNO, dissolved in 95
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Fig.2 Schematic diagram of FSP

Table 3 Process parameters of FSP

Rotation Traveling Plunge
Sample  speed/ speed/ depth/  FSP pass
(remin~')  (mmemin ") mm
800 60 0.20 1
2 800 60 0.30 3
800 60 0.40 5

ml distilled water). The microstructure evolution
from base metal to stirring zone under different FSP
passes are studied by optical microscope (OM) and
field emission scanning electron microscope (FES-
EM).

WDW-1000 universal tensile testing machine
is used to evaluate the mechanical properties of ma-
chined samples of surface composites under the con-
dition of initial strain rate of 1 X 107°s™". The ten-
sile properties are compared with 2024 aluminum al-
loy. The tensile specimen is prepared according to
ASTM E8/E8M-11 and processed to the required

size with a wire cutting machine. The sample size is

Base metal
Tensile specimen

Base metal
A
10 <@
0 =
> e ¥
17.5
50

Fig.3 Schematic diagram of cutting position and size of

tensile specimen

shown in Fig.3, and the thickness of the tensile sam-
ple is 2.0 mm. After the tensile test, the fracture is
analyzed by scanning electron microscope (SEM)
to reveal the influence of FSP passes on the fracture
behavior. HXS-1000 hardness tester is used to mea-
sure the microhardness along the cross section of the
nugget zone of the processed sample. The load is

200g and the pressure dwell time is 15 s.

2 Results and Discussion

The surface macro morphology of 2024 alumi-
num alloy plate after different passes of FSP is
shown in Fig.4. During single pass (P = 1) pro-
cessing, the surface of the processing area is smooth
with a small amount of flash at the interface of the
processing area and large tunnel defects in the weld.
When the processing pass is 3, the tunnel defects in
the processing area are alleviated and the surface
quality is also reduced. After the number of process-
ing pass increases to 5, the flash at the interface be-
tween the processing area and the base metal area in-
creases. This is because the lower pressure of the
shaft shoulder in the later pass is higher than that in
the previous pass, resulting in some metals extrud-
ing the shoulder and forming flash. Although there
are no obvious defects, the finish decreases slight-
ly, the roughness increases slightly, and the flash
adhesion in multiple passes leads to the decline of
surface quality. Therefore, after multi-pass FSP,
the defects in the nugget zone are reduced, but the
surface appearance quality is slightly reduced. In the

process of FSP, when the processing pass is one,
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Fig.4 Weld morphology of different FSP passes

because the heat generation of the shoulder is far
greater than that of the top of the mixing pin, the
plasticization degree of the upper material in the pro-
cessing area is greater than that of the lower materi-
al. Thus, the material fluidity in the upper part of
the processing area is better, while the fluidity in
the lower part is poor, and there is material extru-
sion in the processing area, eventually leading to the
formation of tunnel defects. When the number of
processing passes increases, the heat production in
the lower part of the processing area increases rela-
tively, and the phenomenon of low degree of materi-
al plasticization is improved, improving the material
fluidity of the whole processing area and avoiding
the generation of tunnel defects.

The metallographic structure of 2024 alumi-
num alloy base metal and mixing zone of aluminum
matrix composites in different processing passes is
shown in Fig.5. Fig.5 shows that, when processing
a single pass, the size of the second phase of HEA
particles in the stirring zone is large, the distribution
is uneven, the particle segregation is serious, and
the particle fragmentation is not obvious. The parti-
cle size of the second phase with three passes is sig-
nificantly lower than that with a single pass, and the
length is more than 30 pm. The large-size particles
are greatly reduced. The improvement of segrega-
tion is also obvious. With the further increase of pro-
cessing passes, i.e. P = 5, the refinement effect of
the second phase particles is further improved. Com-
pared with the sample of a single pass, the propor-
tion of ultra-fine particles is significantly increased,
and the distribution of the HEA particles in 2024 Al

matrix is more uniform.

(c) P=3

(d) P=5

Fig.5 Optical microstructures of 2024 aluminum alloy
and aluminum matrix composites with different

passes of FSP

Fig.6 shows SEM micrographs of FSPed com-
posites prepared under different processing passes.
It can be clearly seen from Fig.6 (a) that there are
obvious HEA clusters in the single pass FSPed com-
posite. This is mainly due to the following two rea-
sons: (1) When the HEA particles are pressed into
the groove, the pressure causes the HEA particles
to be mechanically interlocked and cold welded to-
gether; (2) large residual strain and residual stress
are produced in the production process of hot-rolled
aluminum plate, which leads to msufficient material
softening and poor plastic flow during one-time roll-
ing. With the increase the pass of FSP, the particle
size of HEA decreases significantly. As shown in
Fig.6(b), only a small amount of HEA particle seg-
regation is observed in the three-pass FSPed com-
posite, while a more uniform HEA particle distribu-
tion is obtained in the five-pass FSPed composite,
and there is almost no agglomeration of HEA parti-
cles. This is because the accumulated plastic strain
and repeated heat input lead to greater plastic defor-
mation and thorough mixing. However, with the in-
crease of FSP pass, the size and morphology of
HEA particles change significantly, and the particle
size decreases significantly. This observation is con-

[19] who re-

sistent with the results reported by Prater
ports that the violent stirring effect and strong plas-
tic strain of the stirring head will destroy the ceramic

particles and change their size and morphology. In
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Fig.6 Microstructure of stir zone (SZ) under different

processing passes

addition, it is worth noting that SEM micrographs
of all composites show no particle shedding during
mechanical polishing. This may mean that effective
HEA/ALl interface bonding is obtained. It also
shows the effectiveness of five-pass FSP process for
the preparation of composites with uniform micro-
structure. The HEA /AL interface has very good in-
terface integrity and no micropores. This can be at-
tributed to the fact that Al with high plasticity can
wet the whole surface of HEA particles, so as to
avoid the formation of micropores and undercuts at
the HEA/ALI interface. Obviously, good particle/
matrix interface bonding helps to transfer the load
from the matrix to the reinforced particles through
the particle/matrix interface. In addition, the SEM
photos of all FSPed composites, even in the case of
five passes, show that the HEA/AI interface is
clean and there is no obvious sign of reaction layer
formation. It is generally believed that the lack of
brittle intermetallic compounds plays an important
role in improving the interfacial properties and the
ductility and strength of composites.

Fig.7 shows the microhardness values of
FSPed composites with different passes. It can be
seen that the microhardness of FSPed composite 1s
much higher than that of base metal (approximately
48 HV). Especially with the increase of FSP pass,
the microhardness continues to increase. When the
processing pass is five, the average microhardness
of FSPed composite reaches the maximum of 138
HV. The increase of microhardness can be attribut-

ed to the following three reasons: (1) Orowan
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Fig.7 Microhardness distribution of HEA/AI com-

posites by different passes of FSP

mechanism due to the existence of HEA reinforcing
phase™™?"; (2) Hall-Petch strengthening mecha-
nism caused by fine grain of Al matrix; (3) thermal
expansion dislocation strengthening caused by dislo-
cations due to different thermal shrinkage coeffi-
cients of HEA particles and Al matrix' *'. In addi-
tion, it should be noted that increasing FSP pass
can make the microhardness distribution more uni-
form. This can be attributed to the better dispersion
of HEA particles in higher FSP passes.

Tensile tests are carried out on 2024 aluminum
alloy base metal and FSPed aluminum matrix com-
posites with different passes. The test results are
shown in Table 4. Friction stir machining can effec-
tively improve the yield strength and ultimate tensile
strength (UTS) of aluminum alloy, and its yield
strength and UTS gradually increase with the in-
crease of machining pass. The elongation of alumi-
num matrix composites prepared by friction stir pro-
cessing is lower than that of aluminum alloy base
metal, but the plasticity of aluminum matrix com-
posites can be significantly improved with the in-
crease of processing pass. Fig.8 shows SEM images
of tensile fracture of 2024 aluminum alloy base met-
al and FSPed aluminum matrix composites with dif-
ferent passes. As shown in Fig.8(a), a large num-
ber of deep dimples and shear ridges are observed on
the fracture surface of 2024 aluminum alloy, which
indicates that the fracture is a typical ductile frac-
ture, and its failure mechanism is the nucleation and

consolidation of holes. Figs.8(b—d) show the ten-
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sile fracture of FSPed composites with different
passes. As shown in Figs.8(b, ¢), for one-pass and
three-pass FSPed composites, HEA clusters and
dispersed HEA particles can be observed on the frac-
ture, which is consistent with the distribution of
HEA shown in Figs.5(b, ¢). According to the flat
fracture surface in the HEA cluster area, it can be
inferred that the poor plasticity of low FSP passes
may be related to HEA clusters, because HEA clus-
ters will lead to stress concentration, which will in-
duce microporous nucleation in the nearby Al matrix
and reduce the plasticity concequently. On the frac-
ture morphology of the five-pass FSPed composite
shown in Fig. 8 (d) , the uniform distribution of
pulled out HEA particles without HEA clusters can
be observed in the dimple, which is consistent with
the HEA distribution shown in Fig.6 (¢). Compar-
ing the dimples in the fracture of base metal and alu-
minum matrix composites shows that HEA particles
have a limiting effect on dislocation mobility, which
confirms that there is a good interfacial bonding be-

tween aluminum matrix and HEA particles. There-

Table 4 Mechanical properties of 2024 Al alloy and Al
matrix composites with different processing

passes

0.2% proof

Sample UTS /MPa Elongation /%
stress/ MPa
Base metal 374 439 6.3
P=1 399 477 3.1
P=3 465 532 3.8
P=5 518 597 5.1

(c) P=3 (d) P=5
Fig.8 SEM images of tensile fracture of 2024 aluminum al-
loy base metal and HEA/Al composites by one-

pass, three-pass and five-pass FSPed composites

fore, fivepass FSPed composites have high

strength and good plasticity.
3 Conclusions

HEA/Al composites are prepared by multi-
pass friction stir process. The microstructure,
HEA/AI interface bonding, composition, micro-
hardness and tensile properties of different FSPed
composites are studied. From the results obtained,
the following conclusions can be drawn:

(1) Due to the accumulated plastic strain and
repeated heat input of multi-pass FSP, the size of
HEA particles is reduced and the distribution is
more uniform.

(2) There are no intermetallic compounds and
oxides in five-pass FSPed HEA/Al composites.
The five-pass FSPed composite forms a good metal-
lurgical bonding at the HEA /Al interface.

(3) Increasing FSP pass is helpful to improve
the microhardness and its uniform distribution. The
maximum microhardness of aluminum matrix com-
posites obtained by five passes of FSP is 138 HV,
which is 2.9 times that of 2024 aluminum alloy.

(4) The strength and plasticity of FSPed alu-
minum matrix composites increase with the increase
of FSP pass. The maximum tensile strength and
elongation of five passes of FSP reach about 597
MPa and 5.1% , respectively.
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