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a b s t r a c t

Al matrix composite reinforced by hexagonal boron nitride (h-BN) with nearly full densification was
successfully fabricated by the semi-solid powder metallurgy technique. The h-BN/Al composites were
synthesized with elemental pure Al powder size of d50¼35, 12 and 2 μm. The powder morphology and
the structural characteristics of the composites were analyzed using X-ray diffraction, scanning and
transmission electron microscopy. The density, Brinell hardness and compressive behavior of the samples
were characterized. Density measurement of the Al composites revealed that the composite densification
can be effectively promoted by plenty of embedded liquid phase under pressure. Composites prepared
using Al powder with varying granularity showed different grain characteristics, and in situ re-
crystallization occurred inside the original grains with 35 μm Al powder. A sharp interface consisting of
Al/Al2O3/h-BN was present in the composites. Both the compressive strength and the fracture strain of
the investigated composites increased with the decrease of the Al powder size, along with the Brinell
hardness. The composite with 2 μm Al powder exhibited the highest relative density (99.3%), Brinell
harness (HB 128), compressive strength (763 MPa) and fracture strain (0.299).

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Al alloys and Al matrix composites produced by powder me-
tallurgy (PM) have been receiving more attention than conven-
tional melting-casting methods in aerospace, military and car in-
dustries, due to the improved physical, chemical and mechanical
properties [1–3]. The large surface area of fine Al or Al alloy
powders makes it possible to introduce naturally formed ultra-
thin and dense surface oxides, which cannot be reduced to Al [4].
The oxide film will hinder metallurgical bonding between the
powder particles and cause the formation of voids during the
sintering process of the green compacts [5]. Thus, it is difficult to
obtain fully dense Al alloys and Al matrix composites with clean
and sharp interfaces. In particular, low wettability and in-
homogeneous distribution of ceramic reinforcements are the main
issues in the Al matrix composites (AMCs) preparation. Therefore,
the worldwide effort has been to develop a short pressing-sin-
tering process to obtain high performance Al alloys and Al matrix
composites, similar to the iron-based products processing. To
fabricate fully dense Al-based materials by powder metallurgy,
conventional consolidation methods have been commonly used,
including sintering and hot isostatic pressing (HIP) [6], extrusion
[7], forging [8] and rolling [9]. These processes need large amounts
of energy and have higher operating requirements. In recent years
the semi-solid powder forging has been attracting an increased
interest due to short processing and low energy consumption.
Actually, the semi-solid powder forging is one kind of semi-solid
powder processing [10], which combines the benefits of the semi-
solid forming and powder metallurgy. In general, the semi-solid
powder forging involves four basic steps: powder preparation,
powder pre-compaction, heating and semi-solid forging. This
technique has been successfully applied in processing alloy ma-
terials, such as Al6061 [10] and Al–Ti [11], and composite mate-
rials, including Al–SiC [12] and Al-CNT [13].

Hexagonal boron nitride (h-BN), also known as white graphite,
has lamellar crystalline structure with excellent lubricating prop-
erties. Accordingly, h-BN is an important solid lubricant with nu-
merous industrial applications. Moreover, it has key properties,
such as high thermal conductivity, low thermal expansion, good
thermal shock resistance, high electrical resistance, low dielectric
constant and microwave transparency [14]. Additionally, h-BN has
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Table 1
The samples from different starting powders prepared by the liquid phase forging.

Sample Starting powder

Al (d50¼35 μm) Al (d50¼12 μm) Al (d50¼2 μm) Cu h-BN

A ▀ – – ▀ –

B ▀ – – ▀ ▀
C – ▀ – ▀ –

D – ▀ – ▀ ▀
E – – ▀ ▀ –

F – – ▀ ▀ ▀
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good neutron absorption ability and high workability. The h-BN is
a light weight ceramic material with low theoretical density of
only 2.25 g cm�3, which is less dense than pure aluminum
(2.7 g cm�3) and common strengthening particles, such as SiC
(3.22 g cm�3) and Al2O3 (3.97 g cm�3). Due to h-BN outstanding
properties, it has been extensively investigated as ceramic dis-
persant in metals [15–19]. Hence, there is an important possible
application of h-BN as the dispersed phase in AMCs with light
weight and high performance. However, there still exists the
crucial problem of poor bonding between the h-BN and the Al
matrix. To overcome this problem, several manufacturing methods
have been proposed, mainly including high energy ball milling [15]
and pressureless infiltration [18].

In this investigation, elemental pure aluminum and copper
powder were utilized to prepare h-BN reinforced Al–Cu matrix
composites by the semi-solid powder forging. The aim of this
paper was to evaluate the effects of aluminum powder size on the
microstructure and mechanical properties of the as-forged h-BN/
Al–Cu composites.
2. Experimental procedure

2.1. Material

Three different kinds of commercially available gas atomized Al
powders with d50¼35 μm (Al499.8 wt%), d50¼12 μm (Al4
99.5 wt%) and d50¼2 μm (Al499 wt%) were used in this study.
The powders were gas atomized and collected under nitrogen.
Electrolytic copper powder with the size of d50¼45 μm
(Cu499.9 wt%) was used as the starting material for the Cu alloy
element. Commercially available h-BN powder (1–5 μm particle
size, 99 wt% pure) was used as the reinforcement in the as-forged
composites.

2.2. h-BN/Al composite fabrication

Three different kinds of Al powders, electrolytic copper powder
and h-BN powder were used to make Al-5.3 wt% Cu-3 wt% h-BN
composite and Al-5.3 wt% Cu alloy samples. The powder mixtures
were low energy ball milled using steel jars and balls (10 mm,
8 mm, and 4 mm diameter). N-hexane was used as the process
control agent to avoid particles agglomeration. The milling was
performed for 5 h with a ball-to-powder weight ratio of 4:1. The
rotation speed of the steel vials was set at 200 rpm. After milling,
the powders were naturally air dried. The powder mixture was
pre-compacted under 5 MPa pressure in the high purity graphite
mold, which was then heated in a furnace with high purity argon
as the protective atmosphere. 10 MPa pressure was slowly applied
at 64072 °C, and the pressure was held constant for 60 min. The
Fig. 1. Schematic drawing of the manufacturing process: (a) raw powders; (b) powde
pressure; (d) densification of the powder compact at 640 °C under 10 MPa pressure.
pressure was then unloaded and the samples were cooled with the
furnace. A schematic of the manufacturing process is illustrated in
Fig. 1. Once the samples cooled down, sections were removed for
analysis and the remainder of the composite samples was sub-
jected to the T6 heat treatment within 48 h of forming. Along with
the Al-5.3 wt% Cu without h-BN, the formed materials were so-
lutionized at 53772 °C for 10 h, quenched in water at room
temperature and immediately artificially aged at 17572 °C for 5 h.
Different kinds of prepared samples A–F are summarized in
Table 1.

2.3. Characterization

The powder morphology and bulk samples' microstructure
were analyzed using scanning electron microscopy (SEM, LEO-
1450). Energy dispersive spectrometry (EDS) was used to assist the
SEM analysis. The interface between the h-BN and the Al matrix
was carefully observed and analyzed using transmission electron
microscopy (TEM, Tecnai G2 F30). Phase analysis of the composite
and alloy samples was carried out by X-ray diffraction (XRD, Ri-
gaku TTR III) using monochromatic Cu Kα radiation with the X-ray
wavelength of 0.154 nm, operated at 40 kV and 150 mA. The
hardness values of the samples were determined using the Brinell
hardness tester (HB, DHB-3000, China) with 5 mm cemented
carbide ball indenter, 2.5 kN load and the 30 s loading time. For
each test, at least three specimens were tested to obtain the
average hardness values. The standard deviation of the hardness
measurements is 1.2 HB. The density of the as-forged materials
was measured using the Archimedes' principle.
3. Results and discussion

3.1. Powders characterization

The representative morphology of the as-atomized Al powder
and milled powder used in this work is shown in Fig. 2. Three
r mixture by ball milling; (c) powder compact at room temperature under 5 MPa



Fig. 2. SEM micrographs of Al powder with: (a) d50¼35 μm, (c) d50¼12 μm and (e) d50¼2 μm; Ball-milling powder with (b) d50¼35 μm, (d) d50¼12 μm and (f) d50¼2 μm Al
powder.

Fig. 3. Relative densities of the as-forged Al–Cu alloys and h-BN/Al–Cu composites
with varying Al powder size.
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different kinds of Al powder particles were primarily spherical.
After milling, the d50¼35 μm Al powder particles were irregular
and partially plate in shape, while the d50¼2 μm Al powder par-
ticles were still rounded. As for the d50¼12 μm Al powder, only a
few particles got into the irregular shape and the remainder kept
the roundness. This was because during milling, higher energy
produced from the constant collision between the larger Al pow-
der particles (d50¼35 μm) and the steel balls caused plastic de-
formation of the Al powder particles. In contrast, due to the lower
collision energy of the smaller Al powder particles (d50¼12 and
2 μm), the plastic deformation was not easy to take place and the
original powder morphology was preserved.

3.2. Densification behavior

Backscattered electron SEM observations shown in Fig. 4 reveal
no apparent voids in the as-forged microstructure of the Samples
B, D and F, which were almost fully dense Al matrix composites.
The calculated theoretical density of Al – 5.3 wt% Cu and Al –

5.3 wt% – 3 wt% h-BN was 2.8 g cm�3 and 2.78 g cm�3, respec-
tively. The densities of the as-forged Al–Cu alloys and the h-BN/Al–
Cu composites ranged from 98.9% to 99.6% of the theoretical
density listed in Table 2. Fig. 3 clearly shows the different relative
densities of the as-forged Al–Cu alloys and h-BN/Al–Cu composites
with varying Al powder size. The improved density of the com-
posites was closely related to the liquid phase formation, flow and
filling the clearance between the solid grains in the semi-solid
powder forging process. According to the binary phase diagram,
the formation of Al-5.3 wt% Cu liquid phase started at approxi-
mately 548 °C. In this study, forging was performed at 640 °C,
which was about 100 °C above the liquid phase starting tem-
perature when plenty of liquid phase existed in the material sys-
tem. Under the action of capillary forces and loads, liquid phase
flow accelerated and filled the pores, making the material denser.
As shown in Fig. 3, the relative density of the alloy and the com-
posite with the d50¼2 μm Al powder particles was higher than the
alloy and the composite with the d50¼35 μm Al powder particles.
Usually, the finer the powder particles, the larger the specific
surface area and the intrinsic surface driving force. Due to



Table 2
Experimental density and relative density of the as-forged Al–Cu alloys and the
h-BN/Al–Cu composites.

Sample Theoretical density
(g cm�3)

Experimental density
(g cm�3)

Relative density
(%)

A 2.8 2.7870.0028 99.170.1
B 2.78 2.7570.0022 98.970.08
C 2.8 2.7870.0014 99.270.05
D 2.78 2.7670.0022 99.170.08
E 2.8 2.7970.0014 99.670.05
F 2.78 2.7670.0014 99.370.05
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abundant liquid phase, fine powder particles can easily rotate and
move in the liquid phase, adjusting to the best filling position and
improving the degree of densification. Compared with the Al–Cu
alloy, the density of h-BN/Al–Cu composite prepared with the
same Al powder was slightly lower. This indicated that h-BN could
hinder densification to some extent. However, the applied loading
can promote densification of the alloy and the composite by PM
due to the abundance of the liquid phase.

The microstructure of the Samples B, D and F is notably dif-
ferent from one another, shown in Fig. 4. In Sample B synthesized
with d50¼35 μm Al powder, grains in Fig. 4a were elongated
perpendicular to the forging direction. Three reasons could ac-
count for this phenomenon. First, powder particles were in a
softening state, greatly reducing the deformation resistance at the
high experimental temperature of 640 °C. Plastic deformation of
the powder particles took place easily under 10 MPa applied load,
presenting as-forged texture morphology. Second, good h-BN lu-
brication at high temperature could reduce frictional resistance of
particles rearrangement when deformation of the powder parti-
cles occurred. Last but not least, powder particles were milled into
flakes, which remained in bulk composite microstructure. How-
ever, in the Samples D and F fabricated with d50¼12 and 2 μm Al
powder, respectively, the grain deformation did not clearly occur
in Fig. 4b and the grain morphology in Fig. 4c was not distinct due
to the fine grains. In addition, white phases (marked as W in
Fig. 4a) were intermittently distributed along the grain boundaries
and inside the grains of the Sample B. Black phases (marked as R in
Fig. 4a) with vermicular and flake shapes were located along the
Fig. 4. Backscatter SEM micrographs of the as-forged h-BN/Al–Cu composites with diffe
characters, W, R and G, represent the white, black and gray phase, respectively.
grain boundaries. The phases outlined above were observed to
exist in the interior and at the interface of the undeformed grains
in Fig. 4b. The white and black phases, denoted by W and R re-
spectively in Fig. 4c, were also present in the Sample F, evenly
distributed in the matrix, but partially agglomerated.

EDS analysis results are shown in Fig. 5. The white phases
(marked as W) contained Al and Cu elements in Fig. 5a with
68.41 at% and 31.59 at% atomic percentages, respectively. The ratio
of the atomic percentage of Al and Cu was nearly 2:1. Combined
with the XRD patterns in Fig. 6, it was confirmed that the white W
phase was Al2Cu. As observed in Fig. 5b, the N element was found
along with Al and Cu. It was noted that the atomic number of the
boron element was rather low, resulting in difficulty of capturing
its signal by EDS. While the size of the phase R was about 5 μm,
the Al and Cu signals around the black phase were eventually
collected in one minute. Moreover, a marginally visible h-BN peak
identified to a (002) plane originated from dispersed 3 wt% h-BN
can be seen at �26.63° in Fig. 6a, c and e. Accordingly, it could be
inferred that the black phase R labeled in Fig. 4 was h-BN. As for
the gray phase G, only 1.26 at% Cu with over 98 at% Al appeared in
Fig. 5c. Such a small amount of copper may be due to solid solution
in the aluminum matrix, and the Al phase of six samples in Fig. 6
was well structured. Consequently, it was certain that the phase G
was pure Al. These results proved that no other phases, like Al
borides or nitrides had been formed in the h-BN/Al–Cu composites
during the semi-solid powder forging.

Fig. 7 shows the microstructure of the samples B, D and F
treated with the T6 condition. It can be clearly seen from Fig. 7a, d
and g that with the decrease of Al powder size, the grain size
became smaller. The grain boundary structures of the Samples B
and D were optimized after the T6 heat treatment in Fig. 7a and d,
compared with Fig. 4a and b, respectively. This resulted in con-
tinuous and uniform distribution of the Al2Cu phase on the grain
boundaries, clearly seen from Fig. 7b and e. High magnification
SEM image in Fig. 7b shows retained deformation texture with one
large elongated grain (�30 μm) and seven smaller 5–10 μm
grains. This phenomenon was a result of the in situ recrystalliza-
tion after the T6 heat treatment. Due to the pinning effect of the
secondary phase particles (Al2Cu, h-BN) and Al powder surface
oxide particles, the subgrain boundary formed in the forging
process could not move, and was also unable to break through the
rent Al powders: (a) d50¼35 μm, (b) d50¼12 μm and (c) d50¼2 μm. The alphabetic



Fig. 5. EDS spectra of: (a) point W; (b) point R and (c) point G in Fig. 4.

Fig. 6. XRD patterns of h-BN/Al–Cu composites of the as-forged (a, c and e) and
after T6 heat treatment (b, d and f) with different Al powders: (a and b) d50¼35 μm,
(c and d) d50¼12 μm and (e and f) d50¼2 μm.
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bondage of the master grain boundary. Dislocations continued to
be absorbed, and dislocation tangles were gradually eliminated. As
a result, grain misorientation increased gradually, and finally low
angle grain boundaries (LAGBs) transformed into high angle grain
boundaries (HAGBs), leading to the transformation from the
subgrains to true grains. Eventually, several small grains formed
inside the master grain through the segmentation of the master
grain in the form of subgrains aggregation and coarsening [20].
Compared with the microstructure in Fig. 4c, smaller 1–2 μm
Al2Cu particles were distributed evenly in the matrix of the Sam-
ple F after T6 heat treatment, as shown in Fig. 7i.

3.3. Interface

To ascertain the effect of semi-solid powder forging on the
status of the interface bonding between the h-BN and the Al
matrix, TEM analysis was carried out with the Samples B and F
after solid solution treatment. Secondary phases, for instance, the
Al2Cu phase, can be fully dissolved in the matrix with the rea-
sonable solid solution treatment to facilitate observations of the
interface characteristics between the h-BN and the Al matrix. In
Fig. 8, bright field TEM images of the as-forged material and high
resolution TEM (HRTEM) images of the h-BN and Al matrix inter-
face are shown. As indicated in Fig. 8a and c, a sharp interface
consisting of Al/Al2O3/h-BN was present in the two composites.
The thickness of the surface oxides of the Sample F prepared with
d50¼2 μm Al powder particles was larger than the Sample B
prepared with the d50¼35 μm Al powder particles. As measured
in Fig. 8b and d, the former was about 20 nm, while the latter was
just 2 nm. This suggested that the content of the surface oxides
was higher in the d50¼2 μm Al powder particles than in the d50
¼35 μm Al powder particles, which agreed with the Al powder
purity in the starting materials.



Fig. 7. SEM micrographs of the h-BN/Al–Cu composites with different Al powders after the T6 heat treatment: (a and b) d50¼35 μm, (d and e) d50¼12 μm and (g and h) d50
¼2 μm. The images (c), (f) and (i) are backscattered electron micrographs corresponding to (b), (e) and (h), respectively.
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Based on the previous research [18], in the h-BN reinforced
composites, AlN and AlB2 phases were not formed by the direct
reaction at the interface between the h-BN and the Al matrix. This
interesting finding was also confirmed by the XRD results of the
composite in Fig. 6. It was considered that the original Al2O3 skin
was introduced naturally in the surface of the Al powder particles,
hindering the interfacial reaction between Al and h-BN in the
process of powder liquid phase forging. On the other hand, the
experimental temperature was not high enough to allow the re-
action between Al2O3 and h-BN to occur. Nevertheless, h-BN was
closely combined with the Al matrix through the Al2O3 layer, and
there was no gap between the interfaces.

In addition, the HRTEM image depicted in Fig. 8b shows the
lattice fringes of individual h-BN. Characteristic (002) fringes se-
parated by a 0.33 nm distance, peculiar to a Van-der-Waals spa-
cing in h-BN were particularly visible. Similarly, our results notably
agreed with the recent report by Yamaguchi et al. [21].

TEM selected area diffraction patterns (SADP) of the Al matrix
and the reinforced h-BN phase of the Samples B and F after solid
solution treatment are shown in Fig. 9a and b, along the SEM
micrographs and XRD patterns of the h-BN powder, shown in
Fig. 9c and d, respectively. The Al matrix showed single crystal
diffraction spots, and h-BN had characteristic polycrystalline dif-
fraction rings. As seen in Figs. 7 and 8, h-BN powder particles in
Fig. 9c presented the flake structure with 1–5 μm diameter and
0.2–0.5 μm thickness. In the XRD spectrum shown in Fig. 9d, three
diffraction peaks with the (002), (100) and (110) crystal planes
were clearly observed in agreement with the SADP results in
Fig. 9b.
3.4. Hardness measurements

The Brinell hardness values of the investigated samples A–F in
the as-forged, solution treated and aged conditions are presented
in Fig. 10. For the same sample type, the hardness after solution
and aged treatments was higher than the as-forged as a result of
solution strengthening and age hardening, respectively. Compar-
ing the Al–Cu alloy with the corresponding h-BN/Al–Cu composite
under the T6 treatment, the hardness of the composite was in-
creased by 17%, 12.6% and 14.3% with d50¼35, 12 and 2 μm Al
powder, respectively, due to the addition of the h-BN powder
particles. It was indicated that despite the significantly low con-
tent (3 wt%) of the h-BN powder particles in the composite, its
influence on the macroscopic mechanical properties of the mate-
rial was prominent. Also, it was reflected that the densification
degree of the h-BN reinforced Al matrix composite by the semi-
solid powder forging was very high, since lower density (higher
porosity) must cause lower material hardness.

Moreover, as for the composites fabricated using Al powders
with different granularity, the hardness under the same treatment
was largely affected, increasing with the decrease of the Al powder
size. For instance, the hardness of the composite with the d50
¼2 μm Al powder particles was 16.4% higher than the d50¼35 μm
Al powder particles under the T6 treatment. The hardness increase
in the composite with the d50¼2 μm Al powder particles may
come from three main contributors. First, as shown in material
microstructure, fine Al2Cu and h-BN particles were evenly dis-
tributed in the Sample F matrix, while the two phases were mainly
along the grain boundaries of the Sample B. Second, the surface
oxides of the fine Al powder were thicker than the coarse Al



Fig. 8. TEM and HRTEM micrographs of h-BN/Al–Cu composites with (a and b) d50¼35 μm Al powder and (c and d) d50¼2 μm Al powder after solid solution treatment. A
sharp interface between the h-BN and the Al matrix is present. The bottom right corner in (d) is the corresponding lattice fringe image from the Al2O3 nanolayer.

Fig. 9. The SADP of: (a) the Al matrix and (b) h-BN of the h-BN/Al–Cu composite; (c) SEM micrograph and (d) XRD patterns of the h-BN powder.
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powder because the Al2O3 content of the Sample F was higher
than the Sample B. As a ceramic phase, Al2O3 could contribute to
the improved hardness. Besides, the grains prepared with fine Al
powder were smaller, as seen in Fig. 7h. It could be deduced that
the increased hardness was related to the grain refinement
strengthening.



(1

Fig. 10. Hardness variation of the samples with different treatment.

Table 3
Compressive strength and its reflected fracture strain of the h-BN/Al–Cu compo-
sites after T6 heat treatment.

Al powder size d50 (μm) Compressive strength (MPa) Fracture strain

35 52573 0.06370.002
12 56073 0.12770.002
2 76373 0.29970.002
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3.5. Compressive behavior

The compressive strength values of the investigated composites
after T6 treatment, shown in Fig. 11 and Table 3 increased with the
decrease of the Al powder size. It was 525 MPa, 560 MPa and
763 MPa for the T6 specimens prepared with d50¼35, 12 and 2 μm
Al powder, respectively. Likewise, the strain at which failure of the
T6 specimens occurred were inversely proportional to the size of
Al powder, seen in Fig. 11, where, it was 0.063, 0.127 and 0.299,
corresponding to d50¼35, 12 and 2 μm Al powder, respectively. In
some works [22–25], it has been reported that some of the im-
portant factors responsible for enhancing the mechanical proper-
ties were the grain size, necessary dislocations and Orowan’s
strengthening. In general, composite strength is improved by the
addition of solid particles dispersed in the matrix material. In this
study, the addition of h-BN in three kinds of composites was
consistent with one another. Thus, the content of the h-BN parti-
cles was not the main reason for improving composite strength.
Nevertheless, the stronger the contact between the matrix and
reinforcement particles, the lower the probability of crack initia-
tion and propagation [19]. As presented above, a sharp interface
without pores between the matrix and reinforcement assured ef-
fective load transfer from the alloy matrix and the reinforcement.
(2

(3

(4

Fig. 11. Compressive stress–strain curves of the h-BN/Al–Cu composites synthe-
sized with d50¼35, 12 and 2 μm Al powder.
The Al2Cu particles which were the primary precipitates in the Al–
Cu alloy series played a major role in improving the mechanical
properties. It was discovered that the h-BN/Al–Cu composite with
d50¼2 μm Al powder showed significantly enhanced mechanical
properties. The remarkable increase in both compressive strength
and fracture strain can be due to substantial grain refinement and
the presence of reasonably distributed hard particulates
(nano-Al2O3) and intermetallic phases (Al2Cu) in the matrix, which
can be strongly backed up by the microstructure in Figs. 7 and 8. It
should be noted that the optimal fracture strain was the con-
sequence of the increase in fracture strain attributed to grain re-
finement superior to the reduction effect caused by the secondary
phase particles. In addition, as illustrated in Fig. 3, high relative
density of the composite prepared with the d50¼2 μm Al powder
may enhance its compressive properties further.

Overall, the h-BN/Al–Cu composite with the d50¼2 μm Al
powder by the semi-solid powder forging showed the best me-
chanical performance, including the Brinell hardness, compressive
strength and fracture strain. The results of this study clearly illu-
strated the capability of the h-BN/Al composite with ultrafine Al
powder by the semi-solid powder forging to exhibit superior
mechanical properties, making the technique a potential process
for structural and functional materials in weight critical en-
gineering applications.
4. Conclusions

The following conclusions can be made from the present study:

) Al-5.3 wt% Cu composite reinforced by 3 wt% h-BN with nearly
full densification was successfully fabricated by the semi-solid
powder forging process. The densification mechanism was due
to the action of capillary forces and applied loading, where
abundant accelerated liquid phase flow filled the pores, making
the material ultimately denser.

) The h-BN/Al-Cu composites prepared using Al powder with
varying granularity showed different microstructures, such as
grain characteristics, the morphology and distribution of h-BN
powder particles and the Al2Cu phase. In situ recrystallization
occurred inside the original grains with d50¼35 μm Al powder.

) A sharp interface consisting of Al/Al2O3/h-BN was present in the
composites fabricated by the semi-solid powder forging. The
thickness of the surface oxides of d50¼2 μm Al powder particles
was about 20 nm, while that of d50¼35 μm Al powder particles
was just 2 nm.

) Due to the high relative density, significant grain refinement
and the presence of reasonably distributed hard particulates
(nano-Al2O3) and intermetallic phases (Al2Cu) in the matrix, the
h-BN/Al–Cu composite with the d50¼2 μm Al powder by the
semi-solid powder forging showed the best mechanical per-
formance, including the Brinell hardness, compressive strength
and fracture strain.
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