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Abstract: The 2024A1/Gr/SiC hybrid composite plates with 5%—10% SiC particles (volume fraction) and 3%—6% flaky graphite
(Gr) (volume fraction) were fabricated by vacuum hot pressing and hot extrusion processing. The effects of SiC and Gr on the
microstructures and mechanical properties of the composites aged at 160, 175 and 190 °C were studied by optical microscopy,
scanning electron microscopy (SEM), and hardness and tensile tests. The results indicate that the SiC particles have a more obvious
effect on accelerating the aging response as compared with the Gr. Both the tensile strength and elongation are reduced by the Gr and
SiC particles added into the matrix, while the Gr has a more negative influence on the elongation than the SiC particles. The tensile
strength (o), yield stress (o;) and elongation (J) of the 2024A1/3Gr/10SiC composite aged at 165 °C for 8 h are 387 MPa, 280.3 MPa
and 5.7%, respectively. The hybrid composites are characterized by ductile fracture, which is associated with the ductile fracture of
the matrix and the tearing of the interface between the matrix and the particles.
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1 Introduction

The 2024Al/SiC composite has significant
applications in aerospace, weapons, automobile
industries, etc., due to its high specific stiffness, strength
and high elasticity modulus [1-3]. Mechanical properties
of the 2024Al/SiC composite can be significantly
improved by suitable heat treatment through aging
hardening effect of the precipitates of S(Al,CuMg) and
6(Al,Cu) phases [4].

Generally, most metal matrix composites reinforced
with ceramic particles are fabricated by the techniques
such as squeeze or stir casting [5,6], spray forming [7]
and power metallurgy [8,9]. However, the
agglomeration, inclusions, non-uniform distribution and
poor interface bonding associated with these techniques
deteriorate the mechanical properties of the fabricated
composites [5—9]. In order to overcome the above
problems, some researchers [10,11] have utilized vacuum
hot pressing to manufacture aluminum alloy matrix
composites. The plastic deformation during hot pressing
can break the oxide films of the alloy particles, so

metallurgical bonding can be induced. Moreover, the
relatively low preparation temperature suppresses the
interfacial reaction between alloy matrix and
reinforcement particles. This phenomenon is beneficial
to the improvement of mechanical properties.

In recent years, damping has been regarded as a
critical property for vibration reduction in both civilian
and defense industries. High damping allows undesirable
noise and vibration to be passively attenuated and
removed to the surroundings as heat, which can reduce
stress and increase fatigue life [12]. As a vital structure
material used in the aerospace and automobile industries,
a considerable effort has been made to improve the
damping capacity of aluminum alloy matrix composites.
Some researches [12—15] indicate that a reasonable
addition of flaky graphite into the composite can
improve the damping capacity, but the mechanical
properties of composites decrease with the addition of
graphite (Gr) flakes. This degradation restricts the
application of the composites reinforced by Gr in the
industries because the structure materials require
higher mechanical properties. There are almost no
reports available about the effect of flaky graphite on the
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mechanical
composite.

Therefore, the present study is aimed to study the
effects of flaky graphite and SiC particles on the
microstructures and  mechanical  properties  of
2024A1/Gr/SiC ~ hybrid  composites. The aging
characteristics of 2024Al and 2024Al/Gr/SiC hybrid
composites are studied using hardness tests.

properties of 2024Al/Gr/SiC  hybrid

2 Experimental

2.1 Material and methods

The chemical composition of the inert gas
atomizing powders of 2024 Al alloy consists of 3.53% Cu,
1.28% Mg, 0.2% Fe, 0.04% Si and balance aluminum
(mass fraction). The SEM images of the 2024Al powders,
commercially available SiC powders with the average
size of 7.5 pm and the flaky graphite are shown in Fig. 1.
Five kinds of materials were prepared as follows:
2024Al, 2024A1/3%Gr (2024A1/3Gr), 2024A1/6%Gr
(2024A1/6Gr), 2024A1/3%Gr/5%SiC (2024A1/3Gr/5SiC),
2024A1/3%Gr/10%SiC  (2024A1/3Gr/10SiC)  (volume
fraction).

The composite plates were prepared by vacuum hot
pressing of the mixtures of 2024Al powders, SiC
powders and flaky graphite. The SiC particles have been
calcined at 900 °C for 3 h before mixing. The whole
processes are shown in Fig. 2. The mixed powders
containing 2024 Al, SiC and Gr were mixed for 3 h in a
VHS8-V-shaped mixer and then heated at 170 °C for 1 h
with argon shielding to remove the moisture. Then, the
uniformly mixed powders were packed in the moisture
proof aluminum foil bags with 110 mm in diameter and
700 mm in depth, followed by vacuum treating for 1.5 h.
Cold compaction was conducted on a YJ32-315A
four-column hydraulic press at a pressure of 390 MPa for
2.5 h to form a solid green compact. The solid green
compact was hot-pressed at 490 °C with a tolerance of
+3 °C at a pressure of 390 MPa for 0.5 h. Finally, the
hot-pressed composite with a size of 4100 mm x 60 mm
was extruded into plate with a section size of 40 mm X
10 mm at an extrusion ratio of 22:1 after soaking at
470 °C for 0.5 h. The as-extruded composite samples
were solution-treated at (515+3) °C for 0.5 h, and then
rapidly quenched in cold water. Aging treatment was
performed at 160, 175 and 180 °C, respectively, with a
tolerance of +1 °C for 0.25 to 24 h.

2.2 Characterization
The Brinell hardness was measured on an HBRV—

Fig. 1 SEM images of 2024Al powders (a), SiC particles (b),
and flaky graphite (c)

187.5 hardness tester at a load of 612.9 N. At least five
measurements were recorded for each samples and
averaged. The peak-aged samples were machined into
flat tensile specimens with a gauge section of 17 mm X
4 mm %X 2 mm. The tensile tests were carried out on an
Instorn3369 testing machine with an initial strain rate of
0.5x107 s~ at room temperature. The tensile strength
(0v), yield stress (o) and elongation (J) are averaged over
three samples. The morphologies of powders and tensile
fracture were observed by scanning electron microscopy
(SEM, Hitachi S—4800). An optical microscope (Carl
Zeiss-Axio Lab.Al) was wused to

microstructures of the composite samples.

examine the

Powders of 2024Al,
SiC and Gr flakes

Powders
mixing

Vacuuming

Cold
compaction

Heat

Extrusion :
treating

Fig. 2 Flow diagram of preparation process of composite plates
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3 Results and discussion

3.1 Microstructure

The microstructures of the peak-aged composites
along the extrusion direction are shown in Fig. 3. As seen
from Fig. 3(a), the 2024Al particles are stretched along
the extrusion direction, and the boundaries between the
particles are not observed after extrusion deformation.
Moreover, the recrystallized grains are too small to be
distinguished.

The microstructure of 2024Al/3Gr is shown in
Fig. 3(b). It is noticeable that the flaky graphite particles
are uniformly distributed in a stream line state. This is
due to the flowing of the flaky graphite with the matrix
during the extrusion deformation. Figure 4(a) shows the
irregular interface between the graphite and the matrix,
which is due to lower strength of graphite than that of the
matrix. But no obvious porosities are detected. A certain

5414

amount of flaky graphite may be served as solid lubricant
to decrease the density gradient so that the density of
composite is increased by promoting more uniform
pressure transmission [16—19]. The densification
mechanisms  during cold compaction are the
rearrangement of power particles and the plastic
deformation of soft particles, such as flaky
graphite [10,20]. In other words, the deformation of flaky
graphite at great pressure can improve the bonding
between the Gr flakes and the matrix.

The microstructure of 2024Al/6Gr is shown in
Fig. 3(c), which shows the reasonable inhomogeneous
distribution of flaky graphite and clusters in some
regions due to the high volume fraction of flaky graphite
up to 6%. This is possibly related to the increasing
interface contact between the flaky graphite and the
matrix. However, almost no porosity is observed in the
samples due to the lubricating effect of flaky graphite,
which is quite different from the previous report [21].

Fig. 3 Microstructures of composites: (a) 2024Al; (b) 2024Al/3Gr; (¢) 2024A1/6Gr; (d) 2024 A1/3Gr/5SiC; (e) 2024A1/3Gr/10SiC
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Figures 3(d) and (e) show the microstructures of the
2024A1/3Gr/5SiC and 2024A1/3Gr/10SiC composites,
respectively. It is noted that the SiC particles are
relatively uniformly distributed in the matrix. Close
interfaces combination between the SiC particles and the
matrix is observed and only few individual small pores
are remained between the SiC particle agglomerates
(Fig. 4(b)). Therefore, the hot pressing combined with
hot extrusion plays a significant role in improving the
combination between the hybrid particles and the alloy
matrix.

Fig. 4 SEM images of Gr/matrix interface (a) and SiC/matrix
interface (b)

3.2 Mechanical properties
3.2.1 Hardness

The variation of the hardness of 2024Al alloy and
2024A1l/Gr/SiC hybrid composites with aging time at
different temperatures is shown in Fig. 5.

Figure 5 shows the rapid initial hardening of both
2024A1 and 2024Al/Gr/SiC hybrid composites aged at
160, 175 and 190 °C. After that, the hardness of 2024Al
and 2024A1/Gr/SiC hybrid composites increases at a
slower rate until reaches the peak hardness. Then, the
hardness decreases with increasing the aging time,
possibly due to an over aging effect. This is consistent

with the previous reports [22—25]. The extremely rapid
initial hardening reaction is attributed to the formation of
Cu—Mg co-clusters.

As shown in Figs. 5(a)—(f), the time for peak aging
decreases with increasing the aging temperature. This is
to be expected since higher temperature accelerates the
precipitation rate of second phases and leads to a rapid
aging response. The comparison of aging curves of the
2024Al and composites containing 3% Gr and 6% Gr at
175 °C is shown in Fig. 5(c). The decrease of peak aging
time with the increase of Gr content can be seen by
comparing 2024Al1 with 2024A1/6Gr. But 3% graphite
added to the matrix does not accelerate the aging
response as compared 2024A1 with 2024A1/3Gr, which is
similar with the previous study [26]. PAL et al [26] found
that the peak-aging hardness values of the Al-Cu—Mg/
SiC composites were higher and the peak aging time was
1 h longer than those of the matrix. This phenomenon
can be explained by the following three aspects. Firstly,
the Gr flakes lead to a reduction in the volume fraction of
the GP =zones, which is due to lower vacancy
concentration in the composite than that in 2024 Al alloy
sample. It is believed that the large area of the
particle/matrix interface, acting as the vacancy sinks,
should be responsible for lower vacancy concentration in
the composites. The formation of the GPB zones, which
is regarded as the main factor affecting the remaining
steps of the aging sequence, may be retarded due to
lower vacancy concentration in the composite in
comparison with that in the alloy [27,28]. Secondly, in
addition to the deformability of the Gr fakes, the addition
of Gr flakes has no obvious effect on the dislocation
density of the matrix for the slight difference between the
coefficients of thermal expansion of the Gr particles and
the 2024Al1 matrix. Thirdly, the Gr/Al interfaces act as
the heterogeneous nucleation sites, which accelerate the
precipitation rate of the second phase and shorten the
aging time to get the peak hardness. Therefore, the aging
behavior of the composites depends on the competition
between the dislocation density generated and the
availability of vacancy in the composites. Higher
dislocation density induced by the particles is expected
to accelerate the aging response. However, the
particle/matrix interface acts as a vacancy sink, so that
the vacancies diffuse to the surface of the particles.
These vacancies fail to contribute to heterogeneous
nucleation of precipitates. In comparison with the peak
hardness of 2024Al, 2024A1/3Gr and 2024Al1/6Gr, it is
found that higher volume fraction of the Gr particles
results in lower peak aging hardness, which is attributed
to lower hardness of the Gr particles.

The hardness data as a function of aging time for
the 2024Al/3Gr, 2024A1/3Gr/5SiC and 2024Al/3Gr/
10SiC composites are plotted in Figs. 5(b), (d) and (f).
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Fig. 5 Variation of Brinell hardness (+ HB 1.5) in samples annealed at different temperatures: (a, b) 160 °C; (c, d) 175 °C;

(e, ) 190 °C (Solution treatment was carried out at 515 °C for 0.5 h)

Note that the peak aging time is obviously shortened by
the addition of SiC particles in 2024A1/3Gr composite.
Moreover, as the volume fraction of SiC increases, the
peak hardness increases. Similar results were reported by
the previous studies [29,30]. Higher dislocation density
can be induced by the hard SiC particles because of the
large mismatch in the thermal expansion coefficient
between the matrix and SiC particles. Higher dislocation
density promotes the diffusion of alloying elements,
which leads to higher nucleation and growth rate of the

precipitates [30,31]. SiC particles act as efficient barriers
to dislocation movement and this is different from the
graphite flakes. These effects may contribute to
accelerating the aging response. In addition, the aging
kinetic is also promoted by the possibility of
heterogeneous nucleation of metastable phases on the
SiC/matrix interface [32].
3.2.2 Tensile properties

The tensile properties of composites in the peak
aging state are shown in Fig. 6 and Table 1.
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Fig. 6 Tensile properties of samples at peak aging time:
(a) Comparison of tensile properties; (b) Tensile curve

Table 1 Tensile properties of 2024 A1/Gr/SiC composites

Material oy/MPa o/MPa %
2024Al1 480.2+6.4  290.74£5.3  11.8+1.0
2024A1/3Gr 402.9+9.7  245.1+8.9 8.2+1.4
2024A1/6Gr 367.6£8.2 230.7+10.1 4.6+1.3
2024A1/3Gr/5SiC 358.4+7.4  208.848.5  6.8+0.7
2024A1/3Gr/10SiC 387453 280.3+6.1  5.740.9

The 2024Al alloy exhibits the best mechanical
properties, as shown in Fig. 6(a). The strength and
elongation of the composites with Gr flakes decrease
with increasing the volume fraction of Gr in the 2024 Al
matrix. As the SiC particles were added into the
2024A1/3Gr composite, the strength shows a slight
decrease and then an increase. However, the elongation
increases firstly and then decreases. The oy, o5 and J of
2024A1/3Gr/10SiC are 387 MPa, 280.3 MPa and 5.7%,
respectively. Similar results were reported by PRASAD
et al [33] who investigated the effect of reinforcement
particles on the mechanical properties of aluminum

hybrid composites fabricated by double stir casting. They
found that the tensile strength and yield stress increased
with the increase of mass fraction of the reinforcement
particles, whereas the elongation decreased with the
increase of the reinforcements. The tensile strength, yield
stress and elongation of A356.2/8%RHA (rice husk ash)/
8%SiC hybrid composite were 356MPa, 258MPa and
4.9%, respectively.

As indicated above, the Gr has a greater impact on
the elongation of the composites than the SiC. This can
be attributed to the formation of a coherent layer of SiO,
on the surface of SiC particles due to roasting. The SiO,
coherent layer is expected to protect the SiC from
aluminum attack and improve the wettability of SiC
particles in alloy matrix [34]. The interfacial reactions
between the SiO, layer and the reactive elements (such
as Mg, Ti) are conducive to good metallurgical bonding
interface [34]. However, compared with the SiC/Al
interface, the Gr/Al interface is weaker due to the
interfacial reactions between the Gr and the Al
matrix [35].

Assuming that the Gr and SiC particles can be
equiaxed, the spacing between particles (1) is calculated
by the equation A=0.77d¢p71/2, in which d is the particle
size and ¢, is the volume fraction of particles [36].
According to this equation, the spacing between particles
decreases exponentially with increasing the volume
fraction of particles, which is responsible for the matrix
being dramatically divided by the particles. Thus, the o,
and oy decrease with increasing the volume fractions of
SiC and Gr. In addition, the Gr particles are known as
crack initiation sources in the composites due to the
weak van der Waals force between the Gr interlayers and
the weak interfacial bonding between the Al matrix and
the Gr particles [37]. According to the explanation
mentioned above, the fact that the 2024Al1/3Gr/10SiC
composite has higher strength than the 2024A1/3Gr/5SiC
composite is attributed to the following competitive
processes. On the one hand, increasing the volume
fraction of particles leads to smaller particle spacing and
introduces more porosities which deteriorate the
mechanical properties of composites. On the other hand,
the dislocation density in the matrix increases with
increasing the volume fraction of particles.

3.3 Fracture analysis

The typical SEM tensile fracture images of 2024Al,
2024A1/3Gr, 2024A1/6Gr, 2024A1/3Gr/5SiC and 2024A1/
3Gr/10SiC samples are shown in Fig. 7. It can be seen
from Figs. 7(a) and (b) that the fracture surfaces of the
2024 A1 sample reveal a typical dimple morphology. The
dimples are known to be created by nucleation, growth
and coalescence of micro-voids during tensile
deformation.
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Fig. 7 SEM images of fracture surface of 2024Al (a, b), 2024Al/3Gr (c, d), 2024A16Gr (e, f), 2024Al/3Gr/5SiC (g, h),

2024A1/3Gr/10SiC (i, j)

The facture surfaces of the composites are quite
different from that of the alloy matrix. Figures 7(c)—(f)
show the fracture surfaces of flaky graphite and
debonding between Gr particles and the matrix in the Gr
clusters area in the 2024Al/3Gr and 2024A1/6Gr
composites. Moreover, dimples are also detected in the
2024A1/3Gr and 2024A1/6Gr samples, which are
attributed to the coalescence of micro-voids.

As can be seen from Figs. 7(g)—(j), the facture

surfaces of the 2024A1/3Gr/5SiC and 2024A1/3Gr/10SiC
composites exhibit the similar features. The pits existing
in the matrix are caused by the pulling-out of the
reinforcing particles from the matrix. Moreover, the pits
are featured mainly by the size and distribution of the
reinforcing particles, which indicates that the rupture of
2024A1/3Gr/5SiC and 2024A1/3Gr/10SiC composites is
mainly caused by the pulling-out of SiC particles. The
residual cracked Gr particles are found in the matrix. The
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Gr particles tend to rupture rather than pulling-out due to
the weak van der Waals forces between the Gr
interlayers. In addition, there is only a small fraction of
fracture surface that is dominated by small dimples.
These small dimples are generally distributed at the
boundaries between the fits, probably due to the ductile
rupture of the aluminum matrix.

4 Discussion

It can be found that the 2024Al powders are
stretched along the extrusion direction and no obvious
boundaries between the particles are observed after
extrusion deformation (Fig. 3(a)). The flaky graphite
powders added into the composite are uniformly
distributed in a streamline state (Fig. 3(b)). Moreover, no
obvious porosities are found. A certain amount of flaky
graphite may served as solid lubricant to decrease the
density gradient so that the density of composite is
increased by promoting more uniform pressure
transmission [16—18]. With increasing the volume
fraction of Gr, clusters and reasonable inhomogeneous
distribution of flaky graphite occur in some regions
(Fig. 3(c)) due to the increased interface contact between
the graphites. No evident clusters are examined in
2024 A1/3Gr/5SiC and 2024A1/3Gr/10SiC composites. In
other words, the additions of 5% SiC and 10% SiC are
both relatively uniformly distributed in the matrix (Figs.
3(d) and (e)). The Gr and SiC particles have an obvious
effect on the fracture. The 2024Al shows a dimple
morphology. However, the fracture of composites is
characterized by the fracture of flaky graphite and the
tearing of the Gr/matrix interface and SiC/matrix
interface.

The tensile properties decrease with increasing the
volume fraction of Gr powers because the Gr flakes are
known as crack initiation sources in the composite due to
the weak van der Waals forces between the Gr
interlayers and the weak interfacial bonding between the
Al matrix and the Gr particles [37]. The tensile strength
and yield stress increase with increasing the volume
fraction of SiC particles, while the elongation shows a

decrease as the volume fraction of SiC particles increases.

The increase of strength of the composites is probably
due to the increase of dislocation density [33].

5 Conclusions

1) The 2024 Al/Gr/SiC hybrid composite plates were
fabricated by vacuum hot pressing. The hydrostatic
pressure and shear deformation during hot pressing and
extrusion eliminates the boundaries between the 2024A1

powders and improve the interfacial bonding of
Gr/matrix and SiC/matrix. The relative homogeneity of
SiC and Gr within the matrix is achieved.

2) The precipitation of the second phases is
accelerated by the addition of Gr and SiC. The SiC
particles have a more significant effect than the Gr due to
a greater mismatch in the thermal expansion coefficient
between SiC particles and the matrix. This mismatch
leads to a higher dislocation density in the composites.
The time for the peak aging of the 2024A1/3Gr/10SiC at
190 °C is only 3 h.

3) The strength and elongation decrease with
increasing the volume fractions of SiC particles and Gr
added to the matrix. The Gr flakes have a greater
negative impact on the elongation than the SiC particles
due to weaker Gr/matrix interface. The oy, o5 and 6 of the
2024 A1/3Gr composite are 420 MPa, 245 MPa and 9.6%,
respectively, while those of the 2024Al/3Gr/10SiC
composites are 387 MPa, 280.3 MPa and 5.7%,
respectively.

4) The fracture mechanism of the 2024Al/SiC/Gr
hybrid composites is ductile fracture, which is associated
with the ductile fracture of the matrix and the tearing of
the interface between the matrix and the particles.
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B ME EHIE 2024A1Gr/SiC EE RN
JJ_T_&QE.—/\ﬂ:ujj II_:E Be

ARG 2, Rar ¥ 12 phEAE 2 R R 12

LR RS MRRL S RSB, KD 410082;
2. WIRKZ WA ZVIRBOR 5 M E A=, Kb 410082

1 E: RAETHEENET 2024AVGrHSIC ZAMKL, Hd SiC SURIAIEE o tRoH 58 (Go) R R 4 2045
5%~10%M 3%~6%. KA RME . FRiBe. WEMR RN SiC FURIAH X4 A4 160, 175
A1 190 °C B 3G HRfE A MR ZUR ) S VERE RS2 . G553 I SiC BURLAUA 52 58 B &2 0 id 28 — AR
BT, AR SIC BURLX B BT IS Ho A 8K A AR R AT SR BE A 2 65 SiC RURLAT A 28 5 & 1 Hg
MIFRAR, A SRS KR AR L SiC Uk B K. 2024A1/3Gr/10SiC B A FHEHE 165 °C 3L 8 h I BT s .
KR A 223 51l 387 MPa, 280.3 MPa 1 5.7%. 2024Al/Gr/SiC E-& AR W ML A IE AT 2 m S
A FEBURL 5 5 A [P R T 2
KR 2024AVGH/SIC EE MK BEERIRE; BRI Jioettee; ks
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