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ABSTRACT
Poor mechanical properties of copper (Cu) hinder its applications as 
structural materials. Developing bioinspired-laminated structure is 
among the most promising strategies for obtaining modern struc
tural materials with excellent combination mechanical properties. 
To explore the possibility of enhancing mechanical properties of 
Cu, herein, we fabricated boron nitride nanosheets/copper (BNNSs/ 
Cu) composites with a bioinspired laminated structure, achieved by 
ball milling and spark plasma sintering (SPS). Their mechanical 
properties were investigated. The results indicate that their tensile 
strength and toughness are both larger than those of pure Cu: the 
addition of 0.3 vol% of BNNSs improves the tensile strength from 
187 MPa to 216 MPa and the elongation from 41% to 56%, respec
tively. The enhancement of ductility is due to the unique lamellar 
distribution of BNNSs in composites, which resulted in retarding 
cracks propagation; the strengthening effect of BNNSs is deter
mined by the moderate interfacial bonding strength and possible 
agglomeration of BNNSs.
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1. Introduction

Metal matrix composites (MMCs) are extensively used for structural materials due to 
their superb combination properties. As a commonly used matrix materials, copper (Cu) 
has many outstanding properties such as excellent ductility, high electric conductivity 
and superb thermal conductivity [1,2]. But its low strength is the main disadvantage [3]. 
Therefore, Cu-based matrix composites have been widely investigated for their excellent 
mechanical properties [4–7]. However, most Cu-based matrix composites often pursuit 
high strength while compromising their toughness [8,9], which extremely limits their 
engineering applications in the fields of aerospace, automobile and military industries 
[10]. Therefore, it is vital to improve strength while retaining excellent toughness.

Hundreds of million years of evolution make most living things have an extraordinary 
combination of mechanical properties, including high strength and remarkable tough
ness [11,12], which originate from their unique microstructure. For example, nacre is 
a natural composite consisting of brittle layers of mineral and a small fraction of organic 
constituents [13]. But it has not only high strength but also splendid toughness [14–16], 
because of its laminated structure – which takes effect in hindering crack formation and 
propagation [17–19]. Such bioinspired laminated structure provides a potential solution 
to dealing with the strength-toughness conflict in Cu-based matrix composites [20]. 
Until now, one-dimensional (1D) reinforcements/metal composites with laminated 
structure have been successfully fabricated with balanced strength and toughness [21– 
26]. For example, the study by Song et al. [27] showed that the strength and elongation of 
the laminated CNTs/Mg composites were increased by 52% and 59%, respectively. 
However, due to the geometry compatibility with the planar laminated structure, two- 
dimensional (2D) materials are considered as exceptional reinforcement candidate for 
the laminated composites [28]. Boron nitride nanosheets (BNNSs), which consist of 
alternating boron (B) and nitrogen (N) atoms in a hexagonal lattice, possess superior 
mechanical and functional properties such as high tensile strength (30 GPa) [29,30], high 
Young’s modulus (850 GPa) [31,32], high thermal conductivity (1700–2000 W/m·K) 
[33], high thermal stability (up to 900°C) [34], high chemically stable [35], low dielectric 
constant (3–5) [36] and excellent lubrication ability [37]. Thus, they are expected to be an 
ideal reinforcements of laminated composites. Recently, Yoo et al. [38] fabricated 
BNNSs/Cu composites with random distribution of BNNSs and the tensile strength of 
composites was increased by 40%, indicating the potential strengthening effect of BNNSs 
in Cu-based matrix composites. However, the strength-toughness conflict issue is still 
unsolved – the elongation was decreased seriously (about 27%). Thus, it is hopeful to 
develop Cu-based matrix composites with well-balanced strength and toughness by the 
combination of the toughening effect of laminated structure and strengthening effect of 
BNNSs.

In this study, ball milling and spark plasma sintering (SPS) were used to fabricate 
BNNSs/Cu composites with bioinspired laminated structure. The effect of BNNSs on 
mechanical properties in BNNSs/Cu composites was investigated. The microstructures, 
strengthening and toughening mechanisms of BNNSs/Cu composites were discussed.
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2. Experimental

2.1 Materials

Commercial hexagonal boron nitride (h-BN) particles were purchased from Beijing Xing 
Rong Yuan Technology Co., Ltd. Electrolytic copper powder (Cu, 99.9% purity) with 
a size of 20 ~ 40 μm were provided by Jiangsu Men Da New Materials Technology 
Co., Ltd.

2.2 Preparation of the BNNSs/Cu composites

The schematic drawing of fabrication process of BNNSs/Cu composites is illustrated in 
Figure 1. The BNNSs were exfoliated from h-BN via high-energy ball milling (HEBM, 
YXQM-2 L, Changsha Miqi Instrument Equipment Co., Ltd.). The pristine h-BN parti
cles were milled with stainless steel balls of three different sizes (diameter = 5, 10 and 
15 mm) of 5:3:2 at the rotational speed of 700 rpm for 40 min using alcohol as the 
dispersing agent. The ball-to-powder ratio was maintained at 40:1. The milling process 
was carried out under purity argon and at intervals of 2 min for 2 min of cooling. Then, 
the resulting solution was dried at 60°C for 24 h to let the alcohol evaporate.

The exfoliated BNNSs powder was mixed with Cu powder by ball milling at the 
rotational speed of 200 rpm for 30 min in stainless steel vials with stainless steel balls 
of 5 mm. The ball-to-powder ratio chosen was 20:1. The milling process was carried out 
also under purity argon and at intervals of 2 min for 2 min of cooling. Then the as- 
prepared BNNSs/Cu composite powder was consolidated by SPS (Labox-325, SINTER 
LAND INC.) at 850°C under a uniaxial pressure of 50 MPa for 10 min with a heating rate 
and cool rate of 100°C/min. For comparison, samples of pure Cu and composites with 
0.2, 0.3, 0.5 and 0.8 vol% BNNSs were fabricated under the same condition, and they were 
labeled as P-Cu, 0.2-CMC, 0.3-CMC, 0.5-CMC and 0.8-CMC, respectively.

Figure 1. Schematic of fabrication process of BNNSs/Cu composite.
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2.3 Characterization of the BNNSs/Cu composites

The theoretical densities of pure Cu and BNNSs were 8.9 and 2.25 g/cm3, respectively. 
The density of the BNNSs/Cu composites was calculated by the Archimedes principle. 
The microstructure of starting powder and BNNSs/Cu composites was characterized 
using scanning electron microscopy (SEM, S3400, Hitachi), field-emission scanning 
electron microscopy (FE-SEM, JSM7800F, JEOL), transmission electron microscopy 
(TEM, Tecnai G2 F20, FEI) and Optical microscopy (OM, MR5000, Jueyu 
Technology).

2.4 Mechanical testing

Tensile testing experiments were conducted on a DDL100 electron universal testing 
machine with a crosshead speed of 1 mm/min at room temperature. For tensile testing, 
the obtained samples were cut to a dog-bone shape with a gauge length of 8 mm, a gauge 
width of 2.2 mm and a thickness of 1 mm, respectively. Three tensile specimens for each 
material were tested.

3. Results and discussion

3.1 Raw powders

The morphology of Cu particles and BNNSs are presented in Figure 2. Figure 2a indicates 
that the as-received Cu particles has the typical dendritical morphology. Figure 2b is the 
bright field TEM image of the BNNSs powder obtained after the mechanical exfoliation 
process. It can be seen that there are some wrinkles and folds on the surface of the 
BNNSs.

Figure 3 shows the morphology of BNNSs/Cu composite powder with 0.3 vol% and 
0.8 vol% BNNSs. The shape of BNNSs/Cu composite powder changed in the ball milling 
process: most of them were flattened due to the impact of steel balls (Figure 3a and c). 
This made them be well aligned under the uniaxial pressure of SPS, in which benefits the 
formation of a laminated structure. In addition, BNNSs were homogeneously dispersed 

Figure 2. Characterizations of Cu particles and BNNSs powder. (a) SEM image of the as-received Cu 
particles; (b) TEM image of the BNNSs powder.
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in Cu matrix during the mixture process of ball milling, when their content was 0.3 vol% 
(Figure 3b). However, Figure 3d shows excess BNNSs may result in the agglomeration of 
BNNSs, when their content reached 0.8 vol%.

3.2 Densities and microstructures of the composites

The theoretical, experimental and relative densities as well as porosity content of the 
BNNSs/Cu composites are shown in Table 1. As can be seen, the relative density of all 
samples are above 99%, indicating that near-full density materials were produced during 
SPS process. Therefore, the impact of porosity content on the mechanical properties of 
BNNSs/Cu composites can be negligible.

Figure 3. SEM images of the morphology of BNNSs/Cu composite powder with (a, b) 0.3 vol.%; (c, d) 
0.8 vol.% BNNSs.

Table 1. Theoretical, experimental and relative densities along with porosity content of BNNSs/Cu 
composites.

Materials Theoretical density (g/cm3) Experimental density (g/cm3) Relative density (%)
Porosity 

(%)

0.2-CMC 8.887 8.867 ± 0.01 99.77 ± 0.10 0.23 ± 0.10
0.3-CMC 8.880 8.853 ± 0.01 99.70 ± 0.10 0.30 ± 0.10
0.5-CMC 8.867 8.831 ± 0.01 99.60 ± 0.06 0.40 ± 0.06
0.8-CMC 8.848 8.810 ± 0.01 99.57 ± 0.06 0.43 ± 0.06
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Figure 4 shows the OM images of grain structure of P-Cu and BNNSs/Cu composites 
with different BNNSs contents. The average grain size was estimated by a line intercept 
method. Detailed data are presented in Table 2. Clearly, the introduction of BNNSs can 

Figure 4. OM images of grain structure of P-Cu and BNNSs/Cu composites. (a) P-Cu; (b) 0.2-CMC; (c) 
0.3-CMC; (d) 0.5-CMC; (e) 0.8-CMC.

Table 2. Average grain size of P-Cu and 
BNNSs/Cu composites.

Materials Average grain size (μm)

P-Cu 18.0 ± 0.4
0.2-CMC 8.2 ± 0.2
0.3-CMC 7.9 ± 0.1
0.5-CMC 7.2 ± 0.1
0.8-CMC 6.4 ± 0.3

Figure 5. (a) TEM characterization of the interfacial region; (b) HRTEM image of interface.
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refine the grains. With an increased BNNSs content, the average grain size of composites 
decreased.

Figure 5 provides the TEM characterization of the interfacial region. No visible voids 
and cracks were present in this region, indicating that BNNSs and Cu matrix were well 
bonded. A tortuous BNNSs/Cu interface was formed due to the rough surface of BNNSs 
(Figure 5a). Such characteristic can improve the toughness of composites by deflecting 
cracks when subjected to stress. Figure 5b shows the HRTEM image of interfacial 
microstructure. No impurities or transitional layer could be observed. Actually, such 
interface can be categorized into the diffusional interface, as the diffusion of B into Cu 
can be expected in the sintering process [39,40]. The bonding strength of such interface is 
moderate [41,42]. Its influences on the properties of the composites will be discussed in 
the Discussion section.

3.3 Mechanical properties

Tensile properties of P-Cu and BNNSs/Cu composites with different BNNSs contents are 
presented in Figure 6. Figure 6a exhibits the stress-strain curves of BNNSs/Cu compo
sites. Figure 6b shows the relationship of ultimate tensile strength (UTS) and elongation 
(δ) of BNNSs/Cu composites with different BNNSs contents. Detailed data are presented 
in Table 3. Obviously, the tensile properties of BNNSs/Cu composites were improved 
significantly. With the increasing of BNNSs content, the UTS and δ of the composites 
initial increased and then decreased, with 0.3 vol% being a turning point. The UTS of 216 
MPa at the BNNSs content of 0.3 vol% was increased by 15.3% compared to that of P-Cu 
(187 MPa). As for the ductility, the largest δ of 56.6% was also obtained when the BNNSs 

Figure 6. Tensile properties of P-Cu and BNNSs/Cu composites. (a) Stress-strain curves; (b) relationship 
of UTS and δ with different BNNSs contents.

Table 3. Tensile properties of P-Cu and BNNSs/Cu composites.
Materials UTS (MPa) Elongation (%) WOF (MJ/m3)

P-Cu 187 ± 2 41.1 ± 1.5 60.1 ± 1.5
0.2-CMC 208 ± 1 53.7 ± 1.3 94.9 ± 2.8
0.3-CMC 216 ± 1 56.6 ± 2.1 104.5 ± 4.0
0.5-CMC 211 ± 1 45.5 ± 2.0 79.5 ± 4.4
0.8-CMC 208 ± 1 39.8 ± 1.2 68.7 ± 1.7
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content was 0.3 vol%. The work of fracture (WOF) of BNNSs/Cu composites was 
measured by calculating the area under the stress-strain curve, which represents the 
ability of materials to absorb energy up to fracture under load [43]. The maximum WOF 
of 104.5 MJ/m3 was obtained when the BNNSs content was 0.3 vol%, 73.9% more 
compared to P-Cu. These results suggest that the combination of strength and toughness 
have been achieve in this study.

Figure 7. SEM images of the fracture surfaces of (a, b) P-Cu; (c, d) 0.3-CMC; (e, f) 0.8-CMC.

Figure 8. SEM images of the trace of crack of (a) P-Cu and (b) 0.3-CMC. Schematic of the toughening 
mechanisms: (c) Crack bridging; (d) Crack deflection and branching.
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Figure 7 shows the fracture surfaces of P-Cu and BNNSs/Cu composites with different 
BNNSs contents. A lot of large dimples were observed on the fracture surface of P-Cu, 
which is the typical feature of plastic feature (Figure 7a and b). In 0.3-CMC, the fracture 
surface was characterized by small dimples (Figure 7c). Notably, debonded BNNSs can be 
observed on the fracture surface, which suggests that BNNSs were pulled out during the 
tensile process (Figure 7d). As the BNNSs content further increases, the fracture surface 
gradually became flat and the amount of dimples declined (Figure 7e). Many BNNSs were 
exposed on the fracture surface (Figure 7f).

3.4 Discussion on toughening mechanisms

The composites exhibit higher toughness than pure Cu does. Figure 8a and b shows the 
crack trace images of P-Cu and 0.3-CMC. The crack trace of 0.3-CMC (Figure 8b) 
exhibited a more tortuous path than that of P-Cu (Figure 8a), which indicates the 
composites possess higher crack propagation resistance [44]. According to the above
mentioned fracture behaviors, the schematic drawing of the main toughening mechan
isms of composites are shown in Figure 8c and d. These mechanisms are associated with 
the unique lamellar distribution of BNNSs [45–48]. First, the pulled-out BNNSs were 
observed (Figure 7d), demonstrating that crack bridging (as shown in Figure 8c) takes 
toughening effect in composites. The BNNSs connected two crack faces and served as 
bridges to transfer tractions between the two crack faces, enhancing the resistance of 
crack propagation and thus delayed the fracture. Second, due to the lamellar distribution 
of BNNSs, crack deflection and branching (as shown in Figure 8d) occurred as the crack 
came close to BNNSs, which dissipated greater energy and thus improved the resistance 
of crack propagation. When it encountered BNNSs, the crack was forced to move out of 
its initial propagation direction and then deflected to move along the meandering 
BNNSs/Cu interface. As a result, such deflection and branching processes caused 
a tortuous crack path (Figure 8b). Therefore, crack pass through the lamellar distribution 
zones of BNNSs by consuming more energy, leading to an increased toughness. In fact, 
the effect of above toughening mechanisms are influenced by the interfacial bonding 
strength between the BNNSs and Cu matrix [49]. In addition, grain refinement also 
accounts for the increased toughness in the composites, as the introduction of BNNSs 
can refine the Cu matrix [50,51].

3.5 The influences of BNNSs content on the strength

The tensile strength of the composites varies a little with the BNNSs contents. This is in 
a contrast with some reported results. For example, Yoo et al. [38] reported that the 
addition of 1.0 vol% and 2.5 vol% of BNNSs into Cu generates an increase of 7% and 48% 
in UTS, respectively. However, the study by Wang et al. [52] showed that the UTS was 
increased by 41% and 16% by adding 0.5 wt.% and 1.5 wt.% graphene into Cu, respec
tively. Their results show that the content of reinforcement has a big impact on the 
strength, which can be an increase or a decrease.

The marginal variation of strength of the composite is related to the interfacial 
bonding strength and agglomeration of BNNSs. There are several possible strengthening 
mechanisms for BNNSs/Cu composites [53–56], namely grain refinement, dislocation 
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strengthening, Orowan strengthening, and load transfer. The former two mechanisms 
are irrelevant to the interfacial bonding strength. Their contribution to the strength 
increases with the BNNSs content: more BNNSs can hinder the grain growth in the 
sintering process; more severe deformation is needed for the composite with higher 
BNNSs content, leading to higher dislocation density. However, they can only lead to 
a slight strength increase. Orowan strengthening and load transfer act only if the 
interfacial bonding strength is high enough. Otherwise, the debonding between BNNSs 
and Cu occurs prematurely, reducing the strengthening effect. The bonding between 
BNNSs and Cu is mainly diffusion bonding, which can be verified by the fact that neither 
voids nor interfacial reaction products existed (Figure 5) [57]. Such type of bonding has 
a moderate strength [41,42]. Thus, these two mechanisms may fail to fully act as a result 
of premature debonding between BNNSs and Cu [58–60]. This means that the contribu
tion of these two mechanisms are also slight. Therefore, the improvement of strength 
with the addition of BNNSs is not significant. In addition, the strengthening effects of 
BNNSs may be offset by the weakening effects of their agglomeration, when excessive 
amount is introduced. This is because the fracture of composites would take place among 
the agglomerated nanosheets. This is evidenced by many BNNSs bonded to the Cu 
matrix in the fracture surface of 0.8-CMC (Figure 7f), in contrast to the debonded 
BNNSs in the fracture surface of 0.3-CMC (Figure 7d). As a result of weak bonding 
between agglomerated sheets, the fracture among them leads to the decreased tensile 
strength. Such phenomenon was also found in the Cu-based composites reinforced with 
graphene nanosheets [61] and Al-based composites reinforced with BNNSs [62]. As 
a result of moderate bonding strength and the effects of agglomeration, only minor 
change of strength with BNNSs content was noticed.

4. Conclusions

In summary, BNNSs/Cu composites with a bioinspired laminated structure were fabri
cated by ball milling and then SPS. With the increase of BNNSs content, both the tensile 
strength and the elongation increase initially and decrease later. The addition of 0.3 vol% 
of BNNSs improves the tensile strength from 187 MPa to 216 MPa and the elongation 
from 41% to 56%, respectively. The lamellar distribution of BNNSs leads to the crack 
bridging, deflection and branching during crack propagation. All these improved the 
resistance of crack propagation and thus contributed to their higher toughness compared 
with pure Cu. Furthermore, the moderate interfacial bonding strength and possible 
agglomeration of BNNSs may account for the minor change of strength with BNNSs 
content. This study regulates the properties of Cu-based matrix composites by using 
BNNSs, and shows the potential applications of BNNSs as the ideal reinforcement in Cu- 
based matrix composites.
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