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Abstract: Micro-B

4

C/nano-Ti hybrid particulates reinforced copper matrix composites (CTBCs) were prepared by high energy ball 

milling (HEBM) and spark plasma sintering (SPS). The microstructures and morphologies were characterized by X-ray diffraction 

(XRD), optical microscopy (OM), and scanning electron microscopy (SEM) equipped with energy dispersive spectroscopy (EDS). 

The relative density and mechanical properties of the as-SPSed samples were also tested. The results demonstrate that there are 

uniformly distributed (B

4

C+Ti) particles in the Cu matrix and a good interfacial bond between reinforcement and the Cu matrix. 

Besides, the interface bonding mechanism is metallurgical bonding and mechanical bonding. Mechanical properties (microhardness, 

tensile yield strength, ultimate tensile strength and elongation to fracture) of CTBCs are significantly improved in comparison to the 

pure copper, which is mainly due to the load transfer, grain refinement and thermal mismatch. Finally, the fracture surface of the 

tensile sample presents ductile fractures. 
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Particle reinforced copper matrix composites (PRCMCs) 

have been attracting tremendous attention from many 

scientists in recent years due to their excellent structural and 

functional properties such as high thermal and electrical 

conductivity, good corrosion resistance and superior 

mechanical properties. It makes PRCMCs exhibit considerable 

application potential in electrical and nuclear power 

industries

[1]

. Nowadays, various hard reinforcements in micro- 

and nano-size including SiC

[2]

, Al

2

O

3

[3]

, TiC

[4]

, TiN

[5]

, TiB

2

[6]

 

and diamond

[7]

 have been applied to enhance copper matrix 

composites (CMCs). Besides, a range of preparation processes 

have been successful in fabricating these materials in the past 

two decades, which mainly consist of casting, spray-forming, 

infiltration and powder metallurgy

[8-10]

 etc. Unfortunately, in 

B

4

C/Cu composites, the poor wettability between B

4

C and 

copper matrix causes difficulties in preparation when a 

conventional method is employed

[11]

. As a result, there is 

limited report about copper boron carbide composites along 

with relevant technology studies. 

Boron carbide is one of the three hardest ceramic materials 

in nature (next to diamond and cubic boron nitride). Moreover, 

B

4

C is widely used as a particle reinforcement in metal matrix 

composites (MMCs) because of its low density (2.52 g/cm

3

), 

relatively high thermal and chemical stability and low cost, 

especially attractive neutron absorption properties for nuclear 

power engineering (the isotope of boron known as 

10

B has 

great thermal neutron absorption cross-section)

[12]

. On the 

other hand, copper and its alloys possess reasonably 

distinguished processability (due to the face-centered-cubic 

lattice structure). But nevertheless, the intrinsic poor yield 

strength restricts its extensive applications in crucial 

engineering areas, and thus it is significant to improve the 

physical-mechanical properties of CMCs by B

4

C

[13]

. 

Due to the high surface activity, low sintering temperature 

and moderate chemical reaction degree, the nano-titanium 

powder is designed to be an interlayer material in order to 
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improve the interfacial bonding of the Cu-B

4

C system

[14]

. In 

this paper, we prepared Cu-Ti-B

4

C composites (CT-BCs) by 

high energy ball milling (HEBM) and spark plasma sintering 

(SPS). This technique involves cold welding of micro-B

4

C 

and nano-Ti hybrid reinforcement, particulate fracturing 

processes via HEBM and high-speed powder sintering. 

Accordingly, our purposes were: (1) to refine the interface 

bonding state between B

4

C particle and Cu matrix via 

synthesis of (B

4

C+Ti) coated particle during high energy ball 

milling; (2) to explore suitable parameters for ball milling and 

SPS processes, and (3) to investigate the influence of the 

volume fraction of micro-B

4

C/nano-Ti hybrid reinforcement on 

the mechanical properties of the bulk Cu-composites. The 

results of mechanical properties measurements were associated 

with microstructural characterization to comprehend the 

strengthening mechanisms of the new CMC materials. 

1  Experiment 

In this work the starting materials included branching 

copper (99.7% purity and particle size of 38 µm, Fig.1e), B

4

C 

(98.1% purity and average particle size of 8 µm, Fig.1c) and 

nano-sized active metal Ti powders of size <60 nm (99.8% 

purity, Fig.1d) used as the coated materials of B

4

C particulates. 

Ball-milling was carried out mainly in two procedures to 

prepare Cu-Ti-B

4

C composite powders. Firstly, B

4

C and Ti 

powders (the volume ratio of B

4

C/Ti is 3:2) were mixed by the 

HEBM process (QM-3B) at 1400 r/min and with a 

ball-to-powder weight ratio of 10:1 for 8 h (Fig.1a). 1 wt% 

stearic acid was used as process control agent so as to avoid 

adhesion of particulates to wall of the jar. After every 15 min, 

HEBM process was suspended to prevent agglomeration of 

particles owing to overheating. Then, copper with different 

volume fractions of (B

4

C+Ti) hybrid reinforcement (1, 3 and 

5vol%) underwent low energy ball milling (LEBM) in a 

planetary ball mill (MITR-QM-QX-2L). The ball to powder 

weight ratio was 5:1, the rotating speed was 200 r/min and the 

ball-milling was accomplished for 40 min to allow Cu-Ti-B

4

C 

composite powders to hybridize homogeneously (Fig.1b). The 

HEBM and LEBM processes were protected in a high purity 

argon atmosphere. 

After milling, the blended powders were directly transferred 

into a cylindrical graphite die and then consolidated in the 

SPS-331Lx system (Japan). Fig.2 shows the sample arrange- 

ment and schematic sketch of the SPS system. The shape of 

the samples was a disc with 30 mm in diameter and 5 mm in 

height. SPS process was conducted in a vacuum atmosphere 

(<10

-1

 Pa) under an applied pressure of 25 MPa. The heating 

rate was 100 °C/min up to 500 °C and then 70 °C /min up to 

the SPS sintering temperature of 700 °C. A holding time of 5 

min at the maximum temperature was employed (Fig.3). 

The phase composition of the as-milled powders and the 

as-SPSed specimens was determined through X-ray diffra- 

ction (XRD) using a Y-2000 type X-ray diffractometer (Cu-Kα 

radiation) with a 2θ range of 20°~80°, operating at 40 kV and 

30 mA. A DMC2900 OM was used to study the distribution of 

reinforcements in copper matrix of bulk Cu-composites. A 

TESCAN MIRA3 LMH SEM equipped with an EDS attachment 

was employed to demonstrate the microstructures of the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Schematic illustrations of design and preparation of Cu-Ti-B

4

C composite powders (a, b) and SEM morphologies of as-received powders 

of B

4

C (c), Ti (d) and Cu (e) 
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Fig.2  Schematic sketch of SPS system 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Schematic illustration of the sintering process of fabricating 

Cu-Ti-B

4

C composites 

 

sintered samples. The relative density of the composite 

samples was tested using Archimedes drainage method. 

Microhardness measurements were conducted on the 

as-polished specimens using HVS-1000A hardness testing 

machine under a load of 0.98 N and a dwell time of 15 s. 

Hardness values were obtained by averaging data of 7 

repeatable readings. Tensile tests were carried out using 

DNS-200 universal testing machine at a crosshead speed of 

0.5 mm/min. The fractured specimens under tensile loading of 

CTBCs were analysed by SEM. 

2  Results and Discussion 

2.1  Microstructural characteristics 

Fig.4a presents the SEM micrographs of (B

4

C+Ti) com- 

posite powder. It shows that nano-Ti particles adhere to 

surface of the micro-B

4

C particles uniformly (after 8 h of 

HEBM). The agglomeration of nano-Ti appears owing to the 

inherent surface energy and cold welding of particles. 

Meanwhile, the micro-B

4

C powders possess blunter edges and 

smaller particle size compared with the as-received B

4

C 

powders. This can be attributed to ball-powder-ball/wall 

collisions during the ball milling process. That is to say, the 

continuous mechanical force causes flattening and fracturing 

of hard ceramic particles. The SEM micrograph of CTBCs is 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  SEM micrographs of (B

4

C+Ti) composite powder after 8 h  

of HEBM (a) and CTBCs sample fabricated by SPS at    

700 °C (b) 

 

shown in Fig.4b. The composite specimen is successfully 

sintered by SPS at 700 °C. Furthermore, there is no obvious 

defect in the microstructure of bulk samples and porosity is 

not fairly evident. CTBCs have a unique structure composed 

of Cu matrix, grey (B

4

C+Ti) particles (with thicker coated 

layer) and bright black (B

4

C+Ti) particles (with thinner coated 

layer). The thickness difference of (B

4

C+Ti) coated particles 

mainly results from inhomogenous wear effect in the process 

of LEBM. Fig.5 shows the OM microstructures of CTBCs and 

B

4

C/Cu composites with different percentages of reinforce- 

ment so as to study the distribution and morphology of second 

phases. As shown in Fig.5b~5e, micro-B

4

C/nano-Ti hybrid 

reinforcements are uniformly distributed in the Cu matrix, 

with less agglomeration. At the same time, there are also the 

agglomerated particulates at a small scale as shown in Fig.5a, 

especially those that have higher volume fractions of particles, 

cause more seriously uneven distribution of reinforcements in 

the Cu matrix. The results of Fig.5 indicate that the procedure 

of HEBM enhances particle size refinement and this is 

beneficial to improving the toughness of Cu-materials

[15]

. 

The XRD patterns of ball milled powder are presented in 

Fig.6a. For (B

4

C+Ti) powder, the XRD pattern is composed of 

prominent B

4

C, Ti peaks and additional peaks corresponding 

to titanium compounds. In contrast, after the admixture of ball 

milled powder into the copper matrix, the X-ray peaks 

corresponding to B

4

C and Ti are not conspicuously observed 

in the Cu-Ti-B

4

C composite powder, which reveals only the 

Cu peaks. This is likely due to the comparatively low volume 

fraction of second phases, resulting in decreased intensity. 
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Fig.5  OM images of as-sintered samples containing 7vol%B

4

C-4.67vol%Ti (a), 5vol%B

4

C-3.33vol%Ti (b), 3vol% B

4

C-2vol%Ti (c), 

5vol% B

4

C (d), and 3vol% B

4

C (e) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  XRD patterns of as-received and ball milled powder (a) and 

as-SPSed CTBCs and bulk Cu (b) 

 

Fig.6b shows the XRD patterns of sintered CTBCs as a 

function of (B

4

C+Ti) volume fraction. Apart from the 

presence of primary peaks corresponding to Cu and B

4

C in the 

composite, most of the additional peaks correspond to the 

reaction products of copper or titanium and adsorbed gas. 

Particularly, because of the high reactivity of nano-Ti and the 

intense oxytropic character of Cu, these compounds are 

formed in the fabrication process. Recently, the reaction 

system between B

4

C and Ti has been widely reported based on 

the following equation

[16]

: 

4 2

3Ti B C 2TiB TiC+ → +

                        (1) 

At 700 °C, the change in Gibbs free energy value for the 

chemical reaction is calculated to be�–642.24 kJ·mol

-1

. In the 

present work, no new additional interfacial products (like TiB

2

 

and TiC phases) were presented in the CTBCs (Fig.6b, XRD 

patterns), which may be due to the relatively low content of 

these phases. Additionally, Ti

3

Cu intermetallic phases emerge 

on the Cu/Ti interface of CTBCs proved by XRD analysis, 

which indicates a diffusion bonding between (B

4

C+Ti) particle 

and the copper matrix. 

Fig.7a shows the SEM-EDS line scanning position on the 

sintered sample and the variations of element content along 

the straight line are displayed in Fig.7b. The brighter 

background is the Cu matrix while the dark oval areas 

represent the (B

4

C+Ti) coated particles. Thus, the titanium 

content is high at the reinforcement zone and tends to evolve 

toward the matrix zone through the smooth transition layer 

(Fig.7b). Simultaneously, the distribution of Cu element 

decreases gradually from the side of Cu matrix to the side of 

Ti interlayer, which could infer the formation of metallurgical 

bonding at the interface of CTBCs. As can be seen, this is a 

good interfacial bonding between micro-B

4

C/nano-Ti 

particulates and the Cu-matrix. Furthermore, the oxygen 

content is high at the Ti interlayer due to the high specific 

surface area of nano-Ti powders and its tremendous reactivity 
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Fig.7  SEM image (a) and EDS line scanning (b) of 3vol% B

4

C- 

2vol% Ti/Cu sample  

 

with oxygen, which possibly makes compounds (TiO

2

 etc.) be 

generated at the bonding interfaces. It might make impact on 

interfacial bonding strength to some extent. Also, EDS 

mapping in Fig.8 shows the elemental distribution of CTBCs. 

The diffusion of the elements could be observed near the 

interface from Fig.8b~8e. This is not only conducive to 

improving the reinforcement/matrix interface bonding but 

would also enhance the interfacial strengthening effectively. 

2.2  Relative density and hardness measurements 

The theoretical density, measured density and relative 

density of as-SPSed samples are listed in Table 1. As it can be 

seen, the theoretical density of CTBCs decreases as the 

(B

4

C+Ti) particulate volume fraction increases. It is due to the 

lower density of the coated ceramic particulates than that of 

the Cu-matrix. The measured density of the samples exhibits 

the similar trend with theoretical density with increasing the 

(B

4

C+Ti) particulate contents. However, the highest relative 

density (97.27%) is revealed by the 3vol%B

4

C-2vol%Ti/Cu 

sample. Generally, an increasing content of hard ceramic 

phase causes an increase in the micropore volume because of 

the sharp edges and little plastic deformation of B

4

C particles. 

By comparison, uncoated B

4

C/Cu specimens have lower 

relative density at the same B

4

C contents, which indicates that 

the refinement of particulate size is beneficial to reducing the 

porosity of Cu-composites, as discussed earlier. Further, the 

densification mechanism of the monolithic CTBCs is attributed 

to: (i) the growth and bonding of sintering neck formed in the 

particle-particle contact area, (ii) the presence of arc discharge 

behavior, which is generated in the contact points between the 

powder particulates during sintering, and (iii) the constant 

self-heating effect based on the Joule heat theory

[17]

. 

Fig.9 shows microhardness values of the as-SPSed samples 

with and without the coated particles. It indicates that hardness 

of Cu-composites are improved with the increase in reinforce- 

ment percentage. When the (B

4

C+Ti) particle content is 7 vol%, 

the microhardness value of the specimen reaches the highest, 

with an increase of 45% compared to that of pure Cu. The 

improved micro-hardness can be attributed to the higher 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  SEM image (a) and EDS mapping of CTBCs sample of 3vol% B

4

C-2vol% Ti/Cu: (b) Cu, (c) B, (d) C, and (e) Ti 
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Table 1  Density of as-SPSed Cu-composites 

Material 

Theoretical 

density/ 

g·cm

-3

 

Measured 

density/ 

g·cm

-3

 

Relative 

density/ 

% 

Pure Cu 8.91 8.39 

94.24 

3vol%B

4

C-2vol%Ti/Cu 8.62 8.38 

97.27 

5vol%B

4

C-3.33vol%Ti/Cu 8.43 8.00 

94.93 

3vol%B

4

C/Cu 8.71 8.40 

96.44 

5vol%B

4

C/Cu 8.58 8.11 

94.55 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Hardness variations versus reinforcement contents in the as- 

SPSed Cu-composites 

 

bearing capacity offered by the hard ceramic particles towards 

local Cu matrix deformation under indentation and the rising of 

dislocation density due to the addition of (B

4

C+Ti) particulates 

together with other intermetallic compounds, which resists the 

dislocation movement in the matrix. Furthermore, the 

refinement of the grain size of copper matrix during SPS is 

partly beneficial to the enhancement of mechanical property. 

Compared to the CTBCs, it is obvious that the uncoated B

4

C/Cu 

composites exhibit lower microhardness values because of the 

enlarged porosity. Accordingly, the microhardness revealed is 

correlated with the relative density to some extent. 

2.3  Mechanical properties 

Fig.10a shows the tensile stress-strain curves of pure Cu 

and composite samples fabricated by SPS. The variations of 

the yield strength (σ

YS

), ultimate tensile strength (σ

UTS

) and 

elongation to fracture versus (B

4

C+Ti) content are displayed 

in Fig.10b. As can be seen, all performance indexes of the 

CTBCs initially increase with increasing the (B

4

C+Ti) 

reinforcement contents from 0 vol% to 3 vol% and later 

decrease from 3 vol% to 5 vol%. The 3 vol%B

4

C-Ti/Cu 

composites exhibit a combination of the highest strengths and 

elongation. Further, the UTS strength of CTBCs is increased 

to 320 MPa from 220 MPa, or by 45% increment in 

comparison to that of pure Cu matrix prepared by an identical 

processing method (SPS). Simultaneously, the developed 

CTBCs possess an excellent deformability (18.5% of 

elongation of 3 vol%B

4

C-Ti/Cu). In general, the yield strength 

increases directly in proportion to the volume fraction of the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Tensile stress-strain curves (a) and� the variation of tensile 

properties of the CTBCs�with different volume fractions of 

reinforcement (b) 

 

reinforcement particulates. However, the YS of 5 

vol%B

4

C-Ti/Cu exhibits the poorer strength, mainly due to the 

inadequate densification. Thus, the tensile property of the 

high-content CTBCs has huge potential to be improved by 

subsequent hot deformation such as extrusion and rolling. 

Based on the results of tensile testing, it is concluded that 

mechanical properties of the uncoated B

4

C/Cu composites 

have not been enhanced significantly compared with the 

superior CTBCs, which could be due to the absence of good 

interface bonding between the matrix and the reinforcement. 

Generally, the tensile strength of CTBCs may be enhanced 

by the following strengthening mechanisms:  

(a) The presence of uniformly distributed hybrid reinforce- 

ment ((B

4

C+Ti) particulate and little intermetallics) phases 

and the effective load transfer from Cu matrix to (B

4

C+Ti) 

particulate, which depends on the superior interfacial bonding 

strength. It could be calculated with the following equation

[18]

: 

Load ym f

1

2

Vσ σ∆ =   (2) 

where, σ

ym

 is the yield strength of Cu matrix and V

f

 is volume 

fraction of the (B

4

C+Ti) reinforcement. The increase of V

f

 

results in the increase of ∆σ

Load

. 

(b) The grain refinement because of the addition of nano- 

titanium particulate into Cu matrix, as well as the formation of 

small grain size during the rapid SPS process

[19-21]

. The grains 

refinement effect in CTBCs can be described via the 

well-known Hall-Petch equation which is expressed as: 
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Fig.11  SEM fractographs of 5vol%B

4

C-Ti/Cu (a), 3vol% B

4

C-Ti/Cu (b), pure Cu (c), and 5vol%B

4

C/Cu (d) 

 

1 2

YS 0 y

Κ dσ σ

−

= +                                (3) 

where σ

0

 and K

y

 are constants and d is the average grain size. 

It is clear that the yield strength is inversely proportional to 

grain size

[22]

. 

(c) When CTBCs undergo temperature variation, coefficient 

of thermal expansion (CTE) mismatch between the Cu matrix 

and the hybrid (B

4

C+Ti) reinforcements (Cu is 17.6×10

-6

 K

-1

, 

Ti is 11.1×10

-6

 K

-1

 and B

4

C is 5.7×10

-6

 K

-1

) would result in 

CTE mismatch strain at the reinforcement/matrix interface and 

enhancement of dislocation density in the copper matrix, 

which will improve the strength. Indeed, CTE mechanism 

plays a critical role in contributing to the strengthening effect 

in CTBCs. It can be given as: 

( )

1 2

f

CTE m

f p

12

3

1

V Τ

G b

b V d

α

σ ϕ

 

∆ ∆

∆ =

 

−

 

 

                 (4) 

where, φ is the strengthening coefficient, G

m

 is the shear 

modulus of Cu matrix, b is the Burger vector, V

f

 is the volume 

fraction of the reinforcement, ∆α is the difference in the 

coefficients of the thermal expansion, ∆T represents the 

difference between the sintering and room temperatures and d

p

 

is the particle size. 

Considering the particulate size and content of (B

4

C+Ti) 

hybrid reinforcement, the effect of Orowan strengthening 

mechanism may be unremarkable. Importantly, the all 

above-mentioned contributions are predicted to make the 

simultaneous impact on CTBCs

[23]

. 

The results of fractographic analysis carried out on the 

fractured specimens of Cu-composites under tensile testing are 

shown in Fig.11. As shown in Fig.11a and 11b, there exist 

many large, deep and uniformly distributed dimples at the 

fracture surface of CTBCs, which belong to the typical ductile 

fractures. As is known, both size and depth of dimples are 

determined by the ductility and toughness of the composites. 

Hence, CTBCs exhibit excellent deformability of matrix. In 

the case of pure Cu, a number of dimples are visible in the 

sample; however, their sizes are smaller than those of CTBCs. 

In contrast, micro-cracks and voids are observed in the 

vicinity of the uncoated B

4

C particulate for B

4

C/Cu composite 

(in Fig.11d). This is due to the fact that the crack generated at 

the reinforcement/matrix interface becomes wider as the 

tension deformation increases

[24]

. In this case, the plastic 

failure of copper matrix plays an important role in the fracture 

behavior of the B

4

C/Cu composites. 

3  Conclusions 

1) Copper matrix composites that contain 

micro-B

4

C/nano-Ti hybrid reinforcements may be fabricated 

by combining both HEBM and SPS processing routes. 

2) The as-SPSed 3 vol% B

4

C-Ti/Cu composites exhibit the 

best combination of properties with enhanced strength and 

retained ductility. Microhardness, YS, UTS and elongation of 

the 3 vol% CTBCs are increased by 6%, 86%, 45% and 37%, 

respectively compared with those of pure Cu matrix. 

3) The remarkable improvement in the mechanical proper- 

ties of CTBCs can be attributed to: (i) the uniform distribution 

of (B

4

C+Ti) reinforcements and (ii) the good interface 

bonding between Cu matrix and coated B

4

C particulates. 
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