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Abstract 
Copper matrix composite reinforced by 1wt.% TiB2 particles was 
prepared using in situ reaction of Cu-1.4wt.% Ti and Cu-0.7wt.% B 
by rapid solidification and subsequent heat treatment for 1-20 hrs at 
900ºC. High-resolution transmission electron microscopy (HRTEM) 
characterization showed that primary TiB2 particles were formed in 
liquid copper. Heat treatment of as-solidified samples led to the 
formation of secondary TiB2 particles via spinodal decomposition of 
titanium-rich zone inside the grains. Mechanical properties (after 
50% reduction in area) as well as electrical conductivity of 
composite were evaluated after heat treatment and were compared 
with those of pure copper. The results indicated that, due to the 
formation of secondary TiB2 particles in the matrix, electrical 
conductivity increased along with hardness up to 10 hrs of heat 
treatment and reached 65% IACS and 155 HV, respectively. 
Moreover, the maximum ultimate (i.e. 580 MPa) and yield (i.e. 555 
MPa) strengths of composite were achieved at this time. 
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1. Introduction 
Copper matrix composite associated with high 

strength and high electrical conductivity is widely 
used in industrial applications. Today, different 
methods have been developed for production of 
metal matrix composites (MMCs) such as in situ 

and ex situ methods. In situ reaction has high 
potential for preparing MMCs with nano-
reinforced particles. The fundamental principle of 
this method is exothermic reaction between 
elements or between elements and intermetallic 
compounds within the matrix, which leads to the 
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formation of in situ ultrafine thermodynamically 
stable ceramic phases. One of the advantages of in 
situ reaction is improving interfacial bonding 
between reinforce phase and matrix because the 
reinforcement surface remains free of 
contamination such as gas absorption, oxidation 
and other detrimental surface reactions [1-3].  

Copper matrix composite reinforced by Al2O3, 
TiC, TiB2 [4-6] and so on has been widely 
investigated. Among common reinforcing phases, 
TiB2 is well-known for enhancing stiffness, 
hardness, mechanical strength and wear resistance 
of copper alloys. Furthermore, in contrast to other 
ceramic reinforcing particles, it has high electrical 
conductivity. Therefore, the harmful effect of 
dispersed TiB2 particles on electrical conductivity 
of copper is much less than that of other ceramic 
reinforcing particles [2-3, 7]. 

Previous studies about strengthening copper 
matrix by TiB2 particles via either in situ or ex situ 
methods have been performed via melt mixing of 
copper with boron and titanium [2], mechanical 
alloying [8], stir casting [9] and carbothermic 
reduction[1]. Manufacturing MMCs composite 
through rapid solidification and heat treatment 
process is more of interest due to its lower cost and 
mass production advantages. Although these 
processes are commercially available, reports 
published on the feasibility and characterization of 
in situ formation of TiB2 particles through rapid 
solidification and subsequent heat treatment are 
limited.  

In this research, Cu-1 wt.% TiB2 composite was 
fabricated by in situ reaction between boron and  
titanium in liquid copper. The purpose of this work 
was to study mechanism of insitu formation of 
TiB2 particles in the rapid solidified copper 
composite as well as mechanical and electrical 
properties of the produced composite.   

2. Experimental procedure 
Cu-1.4wt.%Ti and Cu-0.7wt.% B master alloys 

were prepared from high-purity copper (OFHC), 
titanium plate (i.e.99.99%) and boron powder 
(99.98%). These materials were separately melted 
in an alumina crucible via high vacuum (3.5 ×10-2 
mbar) induction melting furnace (VIM) and poured 
in 50×50×100 mm3 copper die. The quantitative 
chemical analysis of the ingots was carried out 
using inductively coupled plasma optical emission 
spectrometry (ICP-OES). The quantitative analysis 
showed composition of Cu-0.69 wt.% B and Cu-
1.38wt.% Ti for these ingots and the oxygen 
content in these ingots was measured as 8.9 ppm 
and 7.6 ppm, respectively.  The ingots were 
degreased in NaOH solution and cleaned in nitric 
acid 10%. In order to increase rate of melting and 
mixing, two master alloys were coupled via 
simultaneous transferring through an extrusion 
press. Coupled master alloy was melted in a 
vacuum induction furnace at 1200°C. In order to 
avoid gravity segregation, just after melting, the 
melt mixture was poured in the water-cooled 
copper die. Heat treatment of cast ingots was 
performed in the molten salt bath with equal 
weight percent of NaCl and CaCO3 at 900°C for 1 
to 20 hrs. Thin slices were cut from the heat treated 
samples using ISOMET low speed cutting machine 
and polished mechanically up to 15µm. 3mm 
diameter disks were punched out from these 
samples and then electro-polished via jet 
electropolisher using solution of 35 % nitric acid 
and 65% methanol at -30ºC at voltage of 
12V. Various samples of as cast and heat treated 
composite were investigated by high-resolution 
transmission electron microscopy (HRTEM) 
equipped with electron energy loss spectroscopy 
(EELS) and scanning electron microscope (SEM). 
Hardness tests were performed using Vickers 
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hardness tester under 30 kgf load. Electrical 
conductivity in % IACS (International Annealed 
Copper Standard) of the samples was measured 
using four-point probe method at room 
temperature according to ASTM B-193 standard. 
The heat treated samples were cold worked by 
rolling up to 50% reduction in the area. The flat 
type sub-size sample with dimension of 25mm 
gage length, 6mm width and 1 mm thickness were 
made from the cold rolled strips. Tensile test with 
cross head speed of 2mm.min-1 was conducted at 
room temperature and the results were compared 
with those of pure copper. The reported tensile 
properties were the average of three test results in 
each condition. 

 
3. Results and discussion  
3. 1. Microstructure 

Fig.1 shows BS-SEM micrograph of composite. 
Formation of TiB2 nano particles (dark region) 
within the matrix of composite can be clearly seen 
in this figure. These dark particles were identified 
as TiB2 by EDX analysis (Fig1.C). However, as 
they contain a light boron element, the quantitative 
analysis by EDX was not precise. Similar 
observation by TEM and SEM also has confirmed 
that the in situ chemical reaction between boron 
and titanium could laed to the formation of TiB2 
particles in molten copper [2-3,6]. As shown in 
Fig.1.b, the TiB2 particles that were formed in 
liquid copper had an irregular shape and almost 
dispersed in a copper matrix homogeneously. The 
size of TiB2 particles is fine but not homogenous. 
The size of large TiB2 particles is about 1µm while 
small size of the particles is less than 100nm. 
Based on the previous researches, TiB2 particle 
size as well as its distribution is affected by many 
factors including in situ reaction conditions, 
cooling rate and element concentration [3,10]. 

Accordingly, in this study, it was thought that the 
Cu-B and Cu-Ti master alloys cannot be uniformly 
mixed and completely reacted during melting; 
hence, the residual titanium and boron solute 
elements would be absorbed by primary 
synthesized TiB2 particles before solidification and 
result in coarsening and aggregation of smaller 
TiB2 particles according to Gou et al. [3]. If both 
titanium and boron elements can be consumed 
simultaneously, TiB2 nano particles cannot be 
easily coarsened before solidification. Thus, 
without appropriate solidification rate, aggregation 
and growth of TiB2 particles cannot be avoided.  

According to solid/liquid interface theories for 
MMCs [11,12], the distribution of TiB2 particles 
(Fig.1.a) are affected by solidification rate . So 
that, with increasing the solidification rate the 
distribution of TiB2 particles were improved and 
aggregation were reduced. Nevertheless, fine 
dispersion of in situ formed TiB2 particles certainly 
increases the surface energy of the system; 
therefore, a part of nano TiB2 particles tends to 
aggregate in molten copper. Thus, for complete 
inhibition of aggregation of TiB2 particles in liquid 
copper needs precise control of the reaction 
parameters such as melt mixing condition, reaction 
time and regular stirring of the melt in addition to 
solidification rate. This manner was relatively 
achieved in this study. 

Fig. 2 shows HRTEM micrograph of TiB2 
particles within the matrix. This figure 
demonstrates formation a fair amount of stack fault 
(Fig2.b) in TiB2 particles. As the formation of TiB2 
can be considered a diffusion process of boron 
through titanium melt micelle interface [3], rapid 
formation and growth of TiB2 particles in molten 
copper could lead to an inappropriate arrangement 
of Ti/B atoms in TiB2 structure and result in the 
formation of stack fault. Meng et al. [13] reported 
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a similar mechanism for the formation of stack 
fault during in situ formation of TiB whiskers. 

 

 
Fig. 1. a) Scanning electron micrograph of TiB2 
particles in copper matrix (b) shape and distribution of 
TiB2 particles (c) EDX analysis of TiB2 particles 

 
 

 
Fig. 2. (a) TEM micrograph of primary TiB2 particles 
(b) Stack fault on TiB2 particles (c) Interfacial bonding 
between  TiB2  and Matrix 

 
The interfacial surface between copper matrix 

and TiB2 particle is shown in Fig2.c. This interface 
does not exhibit any interfacial byproducts and 
there is not any transitional layer between them. As 
can be seen, TiB2 particles did not react with 
copper [14] and the interfacial of TiB2 particulate 
and copper matrix was clean. Nevertheless, as a 

result of poor wettability between molten copper 
and primary TiB2 particles (i.e. wetting angle=136º 
[15]), the primary TiB2 particulate and copper 
matrix had weak interfacial bonding [16]. The 
interfacial debonding and/or crack initiation 
between primary TiB2 particles and copper matrix 
can be also seen in Fig.3.c. The reason of 
interfacial debonding could be analyzed by 
considering the large difference of elastic modulus 
and coefficient thermal expansion between copper 
(16.6×10-6 1/K) and TiB2 particles (8.2×10-6 1/K), 
which produces large thermal stress in Cu/TiB2 
interface during solidification. These may lead to 
interfacial debonding at Cu/TiB2 interface, which 
is in agreement with the reported results by Xu et 
al. [16]. 

Effect of heat treatment on microstructure of 
composite was evaluated by TEM. Fig.3.a shows 
TEM image of composite with jump ratio map of 
elements via EELS after 6 hrs of heat treatment at 
900 ºC. The distribution of elements within the 
matrix indicates that rapid solidification can 
suppress chemical reaction between boron and 
titanium atoms and consequently formation of TiB2 
particles in molten copper. Thus, a part of boron 
and titanium can freely remain within the matrix 
after solidification. During heat treatment at high 
temperature, boron and titanium atoms can react 
with each other. The result of this reaction is 
formation of Ti/B compound in the spinodal 
decomposition region (Fig.3.a). Corresponding to 
TEM image with the selected area diffraction 
(SAD) pattern (Fig3.c) and chemical analysis 
results, it was identified that Ti/B compound is 
consistent with stoichiometry composition of TiB2 
particles. This figure also confirms that the 
secondary TiB2 particles was formed due to 
spinodal decomposition. The spinodal 
decomposition has been also reported for 
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formation mechanism of Cu4Ti precipitates during 
age hardening of Cu-Ti alloys [17]. The jump ratio 
map of elements in spinodal decomposition region 
revealed that boron segregation was near but not 
exactly aligned with titanium in self-similar 
coarsening region (sponge-like structure); 
however, titanium segregation was seen exactly in 
alignment with boron in domain fragmentation 
region. This point indicated that titanium 
concentration was in form of Cu/Ti alloy rather 
than Ti/B compounds near high concentration 
copper areas. HRTEM image along with fast 
Fourier transformation (FFT) pattern of this region 
is demonstrated in Fig.3.b. From this micrograph, 
it can be also observed that the region which was 
rich in copper and titanium atoms was consistent 
with stoichiometry composition of Cu4Ti which 
had an orthorhombic crystal structure with lattice 
parameters of a=0. 453 nm, b=0.432 nm and c= 
0.1293 nm. This showed that Cu4Ti can be 
converted into TiB2 particles, as confirmed by 
SAD pattern in Fig.3.c. Thus, it can be concluded 
that secondary TiB2 particles might be formed by 
the following reaction. 

Cu4Ti+2B↔ TiB2+4Cu Eq. (1) 
Cu4Ti was replaced with TiB2 during 

subsequent heat treatment due to more 
thermodynamic stability of TiB2 in comparison to 
Cu4Ti [16]. The secondary TiB2 particles formed 
based on Eq. (1) were more susceptible in solid 
state condition according to Dong et al. [8]. They 
clarified that the activation energy required for the 
formation of TiB2 particles on the basis of Eq. (1) 
was less than that of TiB2 particles formed directly 
from boron and titanium atoms.  

 

 
Fig.3. (a) Spinodal decomposition of the secondary 
TiB2 particle after 6hrs heat-treatment with jump ratio 
elements map (b)HRTEM image at copper-titanium 
interface  with FFT pattern of Cu4Ti (c) SAD pattern of 
TiB2 particle 

 
Evolution of spinodal decomposition on 

formation of secondary TiB2 during heat treatment 
is shown in Fig.4. The secondary TiB2 particles 
indicated irregular shape as well as primary TiB2 
particles. As shown in this figure, formation 
mechanism of secondary TiB2 particles  was the 
consequence of existence of a) spinodal 
decomposition (shown by arrow "S") and b) 
refining copper zone (shown by arrow "R").  

As the TiB2 is a stable phase in Cu-Ti-B system, 
TiB2 phase is likely to be generated from Eq.(1) 
and copper intermediate products are remained in 
TiB2 particle. With increasing heat treatment time, 
the fragmented copper was diffused through the 
TiB2 structure and finally dissolved in the matrix. 
Moreover, inter-diffusion among spinodal reaction 
interfaces led to coarsening TiB2 particles by the 
particles' "cannibalizing" each other during heat 
treatment. This is shown by arrow D in Fig.4.a. 

Spinodal decomposition for the formation of 
secondary TiB2 particles was especially seen in the 
confined areas. Nevertheless, development of 
spinodal decomposition might also occur all over 
the matrix, as shown by arrow A. Chemical 
analysis of these regions (Fi.4.c) explained that 
these areas were rich in Ti as well as B, without 
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the trace of Cu. This finding explained that it was 
possible to produce the nano structured copper 
matrix by accurate control of heat treatment as 
well as melting condition. 

Examination of secondary TiB2 particulate/Cu 
matrix interface is illustrated in Fig.4.b., which 
displays the diffusion interface between TiB2 
particle and matrix. Interfacial stress was not seen 
between copper/TiB2 interface. With these pieces 
of evidence, it can be concluded that interfacial 
bonding of secondary TiB2 particles/matrix is 
better than that of primary TiB2 particles. 

 

 
Fig.4. (a) Evolution of spinodal decomposition in 
composite after 8 hrs heat-treated at 900 ºC, S: Spinodal 
decomposition zone R: Refined Zone D:  Diffusion 
bonding interface (b)TiB2/Cu interface, (c) energy-loss 
spectrum of TiB2 particles 

 
3. 2. Properties 

Effect of heat treatment time on hardness and 
electrical properties of as rapid solidified samples 
is shown in Fig. 5(a and b). The hardness of 
composite gradually increased as time of heat 
treatment increased. The maximum hardness of 
composite (155HV) was achieved after 10 hrs heat 
treatment. The increase in hardness value 

apparently between 0-10 hrs was most likely due 
to formation of secondary TiB2 particles. Based on 
this result, it could be reasoned that reinforced 
particles can act as a barrier to movement of 
dislocation in composite. Thus, more 
reinforcement particles in the matrix might bring 
grater increase in hardness correspondingly. After 
10 h decrease of hardness happened and effects of 
secondary TiB2 formation were completely 
revoked. Nevertheless, decrease of hardness after 
the peak value was not remarkable and attributed 
to the pining effects of TiB2 particles at grain 
boundaries, which hindered grain growth at high 
temperature [7].  

Fig. 5b shows variation of electrical 
conductivity of composite versus heat treatment 
time. The as cast composite showed electrical 
conductivity of 50% IACS. Maximum electrical 
conductivity of composite occurred at 10 hrs; then, 
it was saturated to a value approximately by 66 % 
IACS after 20 hrs of heat treatment. As titanium 
significantly reduced electrical conductivity of 
copper [18], formation of secondary TiB2 particles 
consumed residual titanium in the matrix and 
electrical conductivity considerably increased. It 
can be further seen in Fig.5.a,b that increase in 
electrical resistivity, due to increasing volume 
fraction of TiB2 particles, was lower than the 
decrease in resistivity due to removal of titanium 
from matrix, which thereby resulted in overall 
increase in electrical conductivity. This increase in 
electrical conductivity was mainly due to reduction 
of scattering surface of conductive electron 
according to Nordheim rule [19]. The increasing 
electrical conductivity along with hardness during 
high temperature heat treatment exhibited that 
rapid solidified Cu-TiB2 composite could be used 
in electrical applications such as high temperature 
electrical switches and spot welding electrodes and 
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similar applications required higher strength and 
lower electrical resistivity. 

 

 
Fig. 5. Effects of heat treatment on (a) hardness and (b) 
electrical conductivity of composite 

 
Effects of formation of primary and secondary 

TiB2 particles on mechanical properties of 
composite were evaluated and compared with 
those of pure copper, as listed in Table 1. 

 
Table 1. Comparison of mechanical properties of 
composite and pure copper 

Materials UTS 
(MPa) 

Ys 
(0.2 % offset) 

(MPa) 
Elongati

on % 

Composite 
(5hrs 900ºC) 

543 503 13 

Composite 
(10hrs-900ºC) 

580 555 10 

Pure copper 
(10hrs-900ºC) 

353 280 28 

 
It can be seen that the presence of TiB2 particles 

significantly increased yield as well as tensile 
strength of composite in comparison to those of 
pure copper. The increasing in mechanical 
properties is analyzed by considering the 
interaction between dislocation and TiB2 particles 
within the matrix, and in this regard, two 
strengthening mechanisms could be considered for 
analysis reinforcement of TiB2 particles, which are 
Orowan-loops and Pile-up dislocation 
mechanisms. The Orowan mechanism suggests 
that the presence of non-shearable TiB2 particles 
(particle size <1µm) within the matrix causes 

dislocation loop to be left behind after a 
dislocation line has passed through TiB2 particles. 
It also hinders and/or slows down dislocation 
motion in copper matrix. In addition, for coarse 
particles (particle size >1µm), the strengthening 
mechanism is dislocation pile-up between two 
obstacle particles on slip plane, which leads to 
increment in yield strength according to Jongsang 
et al. [20].   

Formation of secondary TiB2 particles led to 
increase in yield strength of composite from 503 
MPa to 555 MPa after heat treatment from 5 hrs to 
10 hrs and ductility reduced from 13% to 10%. 
Hence, it seems that secondary TiB2 particles had 
not significant effects on ductility of composite 
and might be attributed to formation of secondary 
TiB2 inside the grain rather than grain boundaries 
and also strong interface bonding between 
secondary TiB2 particles and matrix, as shown in 
Fig.4.b. However, the presence of TiB2 particles 
reduced ductility of composite (EL = 10%) as 
compared to pure copper (EL = 28%), which was 
due to preferred crack initiation in tensile specimen 
at these particles according to Tu et al. [1]. 

 
4. Conclusion 

1-Copper matrix composite reinforced by TiB2 
nano particles was prepared by in situ reaction and 
rapid solidification. The primary TiB2 particles 
were formed in liquid copper. Subsequent heat 
treatment led to the formation of secondary TiB2 
via spinodal decomposition, which was resulted 
from the reaction between Cu4Ti and B. 2- TiB2 
reinforced particles significantly improved 
hardness and mechanical properties of composite 
relative to pure copper so that ultimate tensile 
strength increased by 64% to 580 MPa and 
hardness increased by about 240% to 155 HV in 
comparison to pure copper. 3-Electrical 
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conductivity increased along with hardness and 
reached 65% IACS after 10 hrs of heat treatment at 
900 ºC. 
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