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a b s t r a c t
B4 Cp/6061Al composites have become important structural and functional materials and can be fabricated by powder metallurgy and subsequent hot rolling. In this work, the effects of the hot-pressing
temperature on microstructures and mechanical behaviors of the B4 Cp/6061Al composites were investigated. The results showed that compared with the T4 heat treated B4 Cp/6061Al composite hot pressed
at 560 ◦ C, the yield strength and failure strain of the composites hot pressed at 580 ◦ C were increased
to 235 MPa and 18.4%, respectively. This was associated with the interface bonding strength between
the B4 C particles and the matrix. However, the reaction products, identiﬁed to be MgAl2 O4 phases, were
detected in the composites hot pressed at 600 ◦ C. The formation of the MgAl2 O4 phases resulted in the
Mg depletion, thus reducing the yield strength to 203.5 MPa after the T4 heat treatment due to the effect
of the solid solution strengthening being weakened. In addition, the variation of hardness and electrical
conductivity was mainly related to the Mg content in the matrix. Based on the as-rolled microstructures
observed by SEM, SR-CT and fracture surfaces, the deformation schematic diagram was depicted to
reﬂect the tensile deformation process of the composites.
© 2019 Published by Elsevier Ltd on behalf of The editorial ofﬁce of Journal of Materials Science &
Technology.

1. Introduction
B4 C particle reinforced aluminum matrix (B4 Cp/Al) composites have become important functional materials (neutral absorber
materials) in the transportation and storage of spent fuels because
of their unique neutron capture capacity of the 10 B isotope [1–4].
From the perspective of structural materials, the density of B4 C particle (∼2.52 g/cm3 ) is lower than that of Al2 O3 particle (∼3.9 g/cm3 )
and SiC particle (∼3.21 g/cm3 ), making it possible to acquire particle
reinforced composites with higher speciﬁc strength and stiffness
[5,6]. Several manufacturing techniques have been developed to
fabricate B4 Cp/Al composites, including stir casting [7], pressureless or pressure inﬁltration [8,9], powder metallurgy (PM) [10,11]
and plasma activated sintering (PAS) [12]. Among these methods,
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bulk composites can be synthesized by PM or PAS at a lower reaction temperature, which effectively avoids the severe interfacial
reactions, thus signiﬁcantly improving the mechanical properties
of the materials [13].
In the case of the PM technique, the hot-pressing parameters
were reported to have signiﬁcant effects on the microstructures
and mechanical properties of the composites [14]. Hong and Chung
[15] investigated the effects of the vacuum hot-pressing temperature and pressure on the microstructures and tensile properties
of the SiC whisker-2124Al composites; the results suggested that
the optimized hot-pressing temperature and hot-pressing pressure
were 570 ◦ C and 70 MPa, respectively. Moreover, Shin et al. [16]
selected four different consolidation temperatures (560 ◦ C, 580 ◦ C,
600 ◦ C, and 620 ◦ C) to fabricate the SiCp/2124Al composites; the
composites consolidated at 560 ◦ C exhibited the most homogeneous microstructures and best mechanical properties. Li et al.
[17] found that complicated interfacial reactions occurred in the
B4 Cp/6061Al composites hot pressed at 620 ◦ C, leading to the dete-

https://doi.org/10.1016/j.jmst.2019.03.040
1005-0302/© 2019 Published by Elsevier Ltd on behalf of The editorial ofﬁce of Journal of Materials Science & Technology.

1524

M. Gao et al. / Journal of Materials Science & Technology 35 (2019) 1523–1531

rioration of the age-hardening ability. Wu et al. [12] explored the
variation in densiﬁcation and mechanical properties with various
plasma activated sintering parameters (sintering temperature and
holding time); they found that considerable mechanical properties
were achieved in the B4 Cp/7075Al composites sintered at 530 ◦ C
for 3 min. Liu et al. [18] pointed out that with increasing the sintering temperature from 350 to 450 ◦ C, the grain size gradually
increased from ∼73.1 to ∼184.7 nm. Furthermore, particle fracture and particle/matrix interface decohesion, depending on the
processing conditions, were two major damage modes in the particle reinforced aluminum matrix composites [19–21]. The damage
accumulation was a complex process in this class of materials,
which was strongly associated with the microstructural characteristics [22]. All these studies reveal that the hot-pressing parameters,
especially the different hot-pressing temperatures, are critical to
prepare aluminum matrix composites with excellent comprehensive properties. However, most of the investigations have focused
on the inﬂuence of the hot-pressing temperature on the densiﬁcation and reaction products during the fabrication of the composites.
The microstructural evolution and mechanical behaviors of the
B4 Cp/6061Al composites subjected to different hot-pressing temperatures still require the deeper investigation.
In this work, the inﬂuences of the hot-pressing temperature on
the microstructural evolution, mechanical properties and electrical
conductivity of the B4 Cp/6061Al composites prepared by different hot-pressing temperatures were investigated. For this purpose,
the 10 wt% B4 Cp/6061Al composites were prepared by PM method
using three hot-pressing temperatures (560 ◦ C, 580 ◦ C, and 600 ◦ C).
The results were analyzed and the change of mechanical properties and electrical property due to the variation in microstructures
were discussed.

2. Experimental
The 6061Al powders (99% purity, purchased from Titd Metal
Materials Co., Ltd., China) and B4 C particles (95% purity, supplied
by Mudanjiang Jingangzuan Boron Carbide Co., Ltd., China) were
used as raw materials. The nominal composition of the 6061Al powders is listed in Table 1. The mean size of the 6061Al powders is
∼13 m and the irregular B4 C particles with a size of ∼ 2-12 m
were selected as the reinforcements, as shown in Fig. 1.
The 90 wt% 6061Al powders and 10 wt% B4 C particles were
mixed in a ball-miller for 10 h with a rotation speed of 150 rpm,
and the ball-to-powder weight ratio was 10. Subsequently, mixed

Table 1
Chemical composition of 6061Al powders (wt%).
Element

Mg

Si

Fe

Cu

Mn

Zn

Al

Content

1.05

0.60

0.16

0.29

0.08

0.03

Bal.

powders were cold compacted into billets in a steel mould under
a pressure of 15 MPa, followed by hot-pressing at different temperatures (560 ◦ C, 580 ◦ C, and 600 ◦ C) in a vacuum hot-pressing
sintering furnace (Fig. 2(a)). The sample was heated to the designed
temperature at ∼5 ◦ C /min. And then, an axial pressure of 35 MPa
was applied once every 5 min during the 45 min duration of holding in the vacuum chamber (∼1 × 10−2 Pa). In order to take out the
sample conveniently, the boron nitride release agent was sprayed
on the inner wall of the mould. The as-sintered samples with a
height of 20 mm and a diameter of 45 mm were hot rolled to 87.5%
reduction in thickness at 500 ◦ C. Then, the rolled sheets (Fig. 2(b))
were solutionized at 520 ◦ C for 2 h, quenched in cold water, and
then aged at ∼20 ◦ C for ∼72 h (T4 heat treatment) or at 175 ◦ C for
5 h (T6 heat treatment).
The microstructures were examined by optical microscopy
(OM, Olympus GX51) and scanning electron microscopy (SEM,
JSM-5600LV). The synchrotron radiation X-ray computed microtomography (SR-CT) was employed to characterize the micropores
of the composites at beamline BL13W1 of the Shanghai Synchrotron
Radiation Facility (SSRF). However, SR-CT was not performed on
the aforementioned composites due to the small size of particles
(∼2-12 m) and limited X-ray spatial resolution. Instead, for the
observation of the micropores by SR-CT, the composites with
∼82 m B4 C particles were hot pressed at 560 ◦ C. The tomographic
data contained 1080 projections using an energy of 20 keV, and
was collected with an exposure time of 1 s using the Hamamatsu
Flash 4.0 camera. The 10X lens was selected, and the voxel size
was 0.65 m3 . The data was reconstructed by phase retrieval algorithm in the PITRE software [23]. Thin foils of the composites,
prepared by ion-milling technique, were observed by transmission
electron microscopy (TEM, JEM2100 F) with an acceleration voltage
of 200 kV.
The density of each hot rolled sheet was measured using the
Archimedes principle. The aged samples were ground, polished and
then tested using a Vickers hardness tester with a 200 g load for
10 s. In each sample, at least 8–10 tests were performed to get
good statistics. The electrical conductivity of the composite was
measured using a D60 K digital electrical instrument. Each sample
was measured at least three times, and the average value was calcu-

Fig. 1. SEM images of as-received raw materials: (a) B4 C particles; (b) 6061Al powders.
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Fig. 2. (a) Schematic diagram of the vacuum hot-pressing sintering furnace; (b) as-rolled sheets of 10 wt% B4 Cp/6061Al composites that were hot pressed at different
temperatures.

Table 2
Density of the as-rolled B4 Cp/6061Al composites hot pressed at different temperatures.
Sample condition

Measured
density (g/cm3 )

Theoretical
density, (g/cm3 )

Relative density
(%)

560 ◦ C hot-pressing
580 ◦ C hot-pressing
600 ◦ C hot-pressing

2.650
2.676
2.679

2.681
2.681
2.681

98.64
99.70
99.86

lated. Tensile samples with a gauge length of 10 mm, a gauge width
of 4 mm and a thickness of 2.5 mm were cut from the rolled sheets
after heat treatment by electrical discharge machining. The tensile
tests were performed at an initial strain rate of 10−3 s-1 using an
Instron 5982 testing machine at 25 ◦ C. For reproducibility, two to
three tensile tests were performed for each sample condition.
3. Results and discussion
3.1. Relative density
The density of the as-rolled 10 wt% B4 Cp/6061Al composites hot
pressed at different temperatures is listed in Table 2. The densiﬁcation is enhanced with increasing the hot-pressing temperature
from 560 to 600 ◦ C. The relative density of the 10 wt% B4 Cp/6061Al
composites hot pressed at 560 ◦ C is only 98.64%, which is probably due to the presence of some micropores. On the contrary, it is
noteworthy that the relative density increases to 99.70% and 99.86%
for the composites hot pressed at 580 ◦ C and 600 ◦ C, respectively,
indicating that very few pores are present in the composites.
3.2. Microstructure
Fig. 3 shows the distribution of the B4 C particles in the composites subjected to different hot-pressing temperatures. One can
identify that the distribution of the B4 C particles in the composites
is uniform regardless of the hot-pressing temperature. When the
hot-pressing temperature was increased to 600 ◦ C, the B4 C particles
still possessed sharp corners, indicating that no severe reactions
occurred at the B4 C /matrix interfaces. Careful observations were
further performed by SEM and SR-CT to provide the details of the
characteristics of the micropores in the 10 wt% B4 Cp/6061Al composites (hot pressed at 560 ◦ C) reinforced with different particle
sizes.
Fig. 4 shows the possible sites of micropores in the 10 wt%
B4 Cp/6061Al composites hot pressed at 560 ◦ C. The micropores
at the B4 Cp/matrix interfaces are more prone to form during the

hot-pressing process at a lower hot-pressing temperature, and one
of the examples can be seen in Fig. 4(a). Although the number of
micropores at the interfaces is minimal, the rapid propagation of
cracks may occur through these sites. Furthermore, micropores are
occasionally found within the B4 C particles, as shown in Fig. 4(b).
These micropores are likely to be formed during the hot rolling
step due to the large rolling thickness reduction (∼87.5%). Moreover, the areas between the particles are difﬁcult to be ﬁlled by
6061Al powders during the hot-pressing, leading to the formation
of gaps between particles, as shown in Fig. 4(c). Therefore, those
aforementioned micropores in the composites with ∼2-12 m B4 C
particles hot pressed at 560 ◦ C can lead to the undesirable densiﬁcation, which is in accordance with the lower relative density
(98.64%). It is reported that the low hot-pressing temperature usually leads to the poor plastic ﬂow of the Al matrix [24]. To provide
further insight into the sites of the pores, the microstructures of
the as-rolled composites with an average particle size of 82 m and
hot pressed at 560 ◦ C was also examined. Reconstructed data containing 2048 slices were examined. Interestingly, similar micropore
characteristics consisting of micropores at the interfaces between
B4 C particles and matrix (Fig. 4(d)), fractured particles (Fig. 4(e)),
and the gap between particles (Fig. 4(f)), were found. Therefore, it
is established that micropores in the SEM images are not introduced by mechanical grinding. The quantitative analysis of the
reconstructed results will be reported in the future study.
The interfaces between the B4 C particles and the matrix of
the as-rolled 10 wt% B4 Cp/6061Al composites with various hotpressing temperatures were examined by TEM and the results are
presented in Fig. 5. Fig. 5(a) shows the TEM micrograph of the
B4 Cp/6061Al composites hot pressed at 560 ◦ C. The phenomenon of
interfacial cracking was observed at the interfaces between the B4 C
particles and the matrix, which was supposed to be in relation to the
poor interfacial bonding strength. It is also mentioned that the separation of the B4 C particles and the matrix could occur in the process
of ion sputtering (ion milling) because of the weak interfacial bonding. As the hot-pressing temperature was increased to 580 ◦ C or
600 ◦ C, no obvious micropores and cracks were detected at the
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Fig. 3. OM micrographs showing the distribution of B4 C particles in the composites with various hot-pressing temperatures: (a) 560 ◦ C; (b) 580 ◦ C; (c) 600 ◦ C.

Fig. 4. Representative micrographs showing the primary micropores in the 10 wt% B4 Cp/6061Al composites hot pressed at 560 ◦ C: (a) micropore at the B4 Cp/matrix interfaces;
(b) fractured particle; (c) the gap between the particles. The size of the particles is ∼2–12 m. (d–f) showing the microstructural characteristics in the reconstructed slices
of the as-rolled 10 wt% B4 Cp/6061Al composites hot pressed at 560 ◦ C. The mean size of the particles is ∼82 m.
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Fig. 5. TEM images of the as-rolled 10 wt% B4 Cp/6061Al composites hot pressed at different temperatures: (a–c) 560 ◦ C; (b) and (c) are the SAED patterns of the B4 C particle
and Al matrix in (a), respectively; (d) 580 ◦ C; (e) 600 ◦ C.

B4 Cp/matrix interfaces, indicating that the considerable interfacial
bonding was achieved, as shown in Fig. 5(d) and (e). Furthermore,
the selected area electron diffraction (SAED) pattern in Fig. 5(b)
demonstrates that the particle possesses the B4 C crystal structure
(rhombohedral structure, a = 0.5672 nm, c = 1.21428 nm) [25]. Similarly, Fig. 5(c) displays the SAED pattern of the Al matrix alone the
[001] zone axis. Taking a careful inspection in the microstructures
close to the interfaces, a large number of dislocations were found.
This is mainly because B4 Cp/6061Al composites were fabricated or
annealed at a certain high temperature and cooled down to room
temperature, resulting in the formation of dislocations due to the
signiﬁcant difference between the thermal expansion coefﬁcients
of the B4 C particles and Al matrix [26]. Furthermore, some phases
were formed near the interfaces for the composites hot pressed
at 600 ◦ C (in Fig. 5(e)), which would be further discussed in the
following part.
Fig. 6 shows the TEM characterization of the reaction products
in the B4 Cp/6061Al composites hot pressed at 600 ◦ C. In order to
determine the elemental composition of the reaction products near
the interfaces, the EDS elemental mapping was carried out in the
selected rectangular frame in Fig. 6(a). The mapping results reveal
that the reaction product is composed of Mg, O and Al. Additional
reaction products, located in the Al matrix, were also detected, as
marked by yellow arrows in Fig. 6(b). The EDS analysis (Fig. 6(c))
of the yellow circle area indicates that the product is rich in Mg,

O and Al. The SAED pattern (Fig. 6(d)) conﬁrms that these products are MgAl2 O4 phases (space group Fd-3 m, lattice parameter
a = 0.8075 nm) [27]. The formation of MgAl2 O4 phases is ascribed
to the chemical reaction that can be written as [28]
3Mg + 4Al2 O3 = 3MgAl2 O4 +2Al

(1)

It is commonly accepted that the higher hot-pressing temperature (600 ◦ C) accelerates the reaction between the Al2 O3 layers (on
the surface of Al powders) and the Mg element. MgAl2 O4 phases,
as reaction products in the particle reinforced aluminum matrix
composites, were also observed by other researchers [27,29]. In
this work, reaction products (MgAl2 O4 phases) were detected in
the B4 Cp/6061Al composites hot pressed at 600 ◦ C (Fig. 6(a) and
(b)) rather than at 560 ◦ C (Fig. 5(a)) or 580 ◦ C (Fig. 5(d)). The highresolution transmission electron microscopy (HRTEM) image of
the interface between the MgAl2 O4 phases and the Al matrix is
presented in Fig. 6(e). According to the region marked by a black
rectangle in Fig. 6(f), the indexed pattern of the MgAl2 O4 phase
alone the [1̄ 12] zone axis and the Al matrix alone the [001] zone axis
is shown in Fig. 6(f). From the orientations between the MgAl2 O4
phases and the Al matrix, it is suggested that they do not have a
deﬁnite crystallographic orientation relationship. In addition, it has
been reported that the formation of the interfacial reaction products are believed to affect the load transfer capability [30].
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Fig. 6. TEM characterization of the reaction product in the B4 Cp/6061Al composites fabricated at 600 ◦ C: (a) reaction products near the B4 Cp/matrix interfaces and the
corresponding EDS elemental mapping in the area marked by the rectangle; (b) reaction products in the Al matrix; (c) and (d) EDS analysis and SAED pattern of the reaction
products in the area indicated by the yellow circle, respectively. (e) HRTEM image of the MgAl2 O4 /Al interface; (f) the corresponding indexed pattern of the square area in
(e).

B4 Cp/6061Al composites subjected to T4 and T6 heat treatment.
When the hot-pressing temperatures were 560 ◦ C and 580 ◦ C, there
was a slight difference in the hardness for both the T4 and T6 heat
treatment. After the T4 heat treatment, the hardness of the composites hot pressed at 600 ◦ C was decreased to 116.8 HV. The solid
solution strengthening occurs when other atoms are solutionized in
the matrix alloy, causing a variation of strain ﬁelds that can result
in an increase in yield strength [31]. The change of the strength
(ss ) can be expressed as [32]
3√
2
ss = MGbεss
c

Fig. 7. Hardness and electrical conductivity in the 10 wt% B4 Cp/6061Al composites
subjected to T4 and T6 heat treatment at different hot-pressing temperatures.

3.3. Hardness and electrical conductivity
Fig. 7 shows the variation of the hardness and electrical conductivity as a function of hot-pressing temperature in the 10 wt%

(2)

where M is the mean orientation factor, G is the shear modulus,
b is the Burgers vector, c is the modiﬁed value, and εss is the lattice strain. Compared with the composites hot pressed at 560 ◦ C
or 580 ◦ C, reaction products (MgAl2 O4 phases) were found in the
composites with the hot-pressing temperature of 600 ◦ C, causing
the Mg depletion in the Al matrix. Therefore, the contribution from
the solid solution strengthening is reduced when the hot-pressing
temperature reaches to 600 ◦ C. The Mg consumption will give rise
to a decrease in the quantity of Mg2 Si precipitates, thus deteri-

M. Gao et al. / Journal of Materials Science & Technology 35 (2019) 1523–1531

1529

Table 3
Mechanical properties and electrical conductivity of the T4 heat treated 10 wt% B4 Cp/6061Al composites hot pressed at different temperatures.
Sample condition

0.2 (MPa)

UTS (MPa)

Failure strain (%)

Hardness (HV)

Electrical
conductivity
(%IACS)

560 ◦ C hot-pressing
580 ◦ C hot-pressing
600 ◦ C hot-pressing

194.1 ± 4.7
235.3 ± 3.2
203.5 ± 5.0

333.2 ± 3.6
368.4 ± 6.2
350.1 ± 5.1

12.5 ± 0.6
18.4 ± 1.4
21.3 ± 0.1

129.8 ± 1.5
127.7 ± 2.2
116.8 ± 1.9

34.48
34.52
35.10

Fig. 8. Representative tensile curves of the T4 heat treated 10 wt% B4 Cp/6061Al composites hot pressed at different temperatures: (a) engineering stress-strain curves; (b)
true stress-strain curves.

orating the strength of the peak-aged composites hot pressed at
600 ◦ C.
After the T4 heat treatment, the electrical conductivity of the
composites was slightly increased with the increase of the hotpressing temperature (Table 3). According to the well-known
Matthiessen’s rule, the electrical resistivity  of the metallic materials can be presented as [33]

ites tested in the T4 condition, there is a protracted plastic region
of decreasing work-hardening rate [35]. The mechanical properties
(yield strength (0.2 ), UTS, failure strain and hardness) of the T4
heat treated 10 wt% B4 Cp/6061Al composites hot pressed at different temperatures are listed in Table 3. The yield strength of the
composite (y,composite ) can be approximately divided into three
parts, which is given by [36]

 ≈ 0 + s + p

y,composite = matrix + L-T + dis

(3)

where 0 is the resistivity of ideal pure metal, and s and p
are the resistivity from solute atoms and precipitates, respectively.
After the T4 heat treatment, the atoms solutionized in the Al matrix,
especially the Mg and Si atoms, could increase the ability of electron
scattering, resulting in a decrease in electrical conductivity of the
composites hot pressed at 560 ◦ C and 580 ◦ C. However, the electrical conductivity increased in the composites hot pressed at 600 ◦ C
due to the Mg consumption in the matrix. For the composites subjected to T6 heat treatment, the precipitation of Mg2 Si phases from
the supersaturated Al matrix could result in an obvious increase
in electrical conductivity due to the reduction of lattice distortion
degree [34]. Therefore, compared with the composites hot pressed
at 560 ◦ C and 580 ◦ C, the electrical conductivity decreased in the
composites with hot-pressing temperature of 600 ◦ C due to the fact
that excessive Si atoms retained in the Al matrix could increase the
electron scattering after the T6 heat treatment.
3.4. Tensile property
After the T4 heat treatment, the typical tensile curves of the
10 wt% B4 Cp/6061Al composites hot pressed at different temperatures were plotted, as shown in Fig. 8. It can be seen that
the ultimate tensile strength (UTS) of the composites showed a
notable increase as the hot-pressing temperature was increased
from 560 to 580 ◦ C, and then a decrease upon further increasing
the hot-pressing temperature to 600 ◦ C. However, in the case of
ductility, there was a monotonous enhancement as a function of
hot-pressing temperature, as presented in Fig. 8(a). Fig. 8(b) shows
the true stress-strain curves. In general, for the B4 Cp/6061 compos-

(4)

wherematrix is the strength of the matrix, L-T is the loadtransfer strengthening part, and dis is the increment of the yield
strength caused by the increase of dislocation density, which can
be expressed as [37,38]

 6CTE × T × V 1/2

dis = ˛Gb

P

b × d (1 − VP )

(5)

where ˛ is a constant, G is the shear modulus of the matrix, b is the
Burger’s vector, d is the mean diameter of the B4 C particles, CTE
is the difference of the thermal expansion coefﬁcient between the
B4 C particle and the matrix, T is the temperature difference from
the solid solution temperature to room temperature, and VP is the
B4 C particle volume fraction. For the 10 wt% B4 Cp/6061Al composites hot pressed at different temperatures, the increment of dis is
considered to be approximately identical due to the similar parameters. Compared with the composites hot pressed at 580 ◦ C, the
yield strength and failure strain of the composites hot pressed at
560 ◦ C were decreased to 194.0 MPa and 12.5%, respectively. This
was associated with the poor interfacial bonding between the B4 C
particles and the matrix (see Fig. 5(a)). The weak interfacial bonding
strength had a detrimental effect on the ability of the load transfer (L-T ) in the composites, thus reducing the tensile strength
and ductility. Similarly, the yield strength of the composites hot
pressed at 600 ◦ C was lower than that of the composites hot pressed
at 580 ◦ C, which was mainly because the matrix strength (matrix )
was decreased due to the Mg consumption, i.e., the solid solution
strengthening was reduced.
Fig. 9 shows the fractographs of the T4 heat treated 10 wt%
B4 Cp/6061Al composites subjected to different hot-pressing tem-
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Fig. 9. Fracture surfaces of 10 wt% B4 Cp/6061Al composites (T4 heat treated) hot pressed at different temperatures: (a) and (d) 560 ◦ C; (b) and (e) 580 ◦ C; (c) and (f) 600 ◦ C.

Fig. 10. Schematic diagram showing the microstructural characteristic without applied load and the crack propagation during the tensile test in the T4 heat treated 10 wt%
B4 Cp/6061Al composites hot pressed at different temperatures: (a) and (d) 560 ◦ C; (b) and (e) 580 ◦ C; (c) and (f) 600 ◦ C.

peratures. Tensile properties of particle reinforced aluminum
matrix composites are closely related to the interfacial bonding strength [39]. The fracture surfaces of all the composites
hot pressed at different temperatures exhibited obvious ductile
fracture features, i.e., numerous dimples and tearing ridges. Meanwhile, cracked particles on the fracture surfaces were also observed.
Furthermore, the obvious interfacial debonding was detected in
the composites hot pressed at 560 ◦ C, whereas this phenomenon

was improved in the samples hot pressed at 580 ◦ C and 600 ◦ C.
Therefore, for the T4 heat treated composites hot pressed at different temperatures, matrix ductile fracture, particle fracture and
interfacial debonding were primary fracture mechanisms. The premature rupture would happen in the composites fabricated at a
lower hot-pressing temperature (560 ◦ C), which was attributed to
the B4 Cp/matrix decohesion during tensile deformation. However,
the good interface bonding could be obtained by properly increas-
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ing the hot-pressing temperature, which was beneﬁcial for the
enhancement of the load transfer capacity.
Fig. 10 schematically shows the original microstructures before
the tensile test and the crack propagation of the T4 heat treated
10 wt% B4 Cp/6061Al composites hot pressed at different temperatures. For the composites hot pressed at 560 ◦ C, based on the
microstructures observed by SEM and SR-CT in Fig. 4, primary
crack sources were drawn in Fig. 10(a). When the stress was
applied to the composite, cracks initiated from the pre-existing
crack sources, especially from the micropores at the B4 Cp/matrix
interfaces, thus forming microcracks. As the stress was increased,
these microcracks propagated and the coalescence took place in
the matrix (see Fig. 10(d)). Note that if the B4 Cp/matrix interface
bonding was weak, interface decohesion between the B4 C particles
and the matrix would occur. When microcracks propagated to the
interfaces between the B4 C particles and the matrix, the B4 C particles could fracture due to the stress concentration [40]. However,
as there were no obvious defects at the B4 Cp/matrix interfaces in
the composites hot pressed at 580 ◦ C and 600 ◦ C, microcrack initiation could mostly take place at the fractured particles and the gap
between the particles, as shown in Fig. 10(b) and (c). It could be
found the interface debonding was effectively improved by enhancing the hot-pressing temperature. The deformation process of the
composites fabricated at 580 ◦ C and 600 ◦ C was very similar, as
illustrated in Fig. 10(e) and (f), except that the reaction products
in the composites fabricated at 600 ◦ C resulted in a decrease in tensile strength, as discussed in the article. None the less, we hope that
this work can provide a reference for the preparation of particle
reinforced aluminum matrix composites using the PM method.
4. Conclusions
Based on the above experimental results obtained in this work,
the main conclusions can be summarized as follows:
(1) As the hot-pressing temperature was increased from 560 to
600 ◦ C, the relative density of B4 Cp/6061Al composites was
increased and B4 C particles were distributed homogeneously
in the Al matrix.
(2) Compared with the T4 heat treated B4 Cp/6061Al composites
hot pressed at 560 ◦ C, the yield strength and failure strain of the
composites hot pressed at 580 ◦ C were increased to 235.3 MPa
and 18.4%, respectively, which was a result of the improved
interfacial bonding between the B4 C particles and the Al matrix.
(3) MgAl2 O4 phases, as the reaction products, were detected in the
composites hot pressed at 600 ◦ C. The formed MgAl2 O4 phases
resulted in the Mg depletion, thus reducing the yield strength
after the T4 heat treatment, i.e., the effect of solid solution intensiﬁcation was weakened.
(4) For the T4 heat treated B4 Cp/6061Al composites hot pressed at
different temperatures, matrix ductile fracture, particle fracture
and interfacial debonding were the main fracture mechanisms.
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