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Abstract: In situ TiB2/Cu composites were fabricated by both solid−liquid (S−L) and liquid−liquid (L−L) reactive 
spray deposition in combination with cold rolling and annealing. The microstructure and properties of the fabricated 
TiB2/Cu composites were investigated. The results show that the reactive mode and rolling treatment are the main 
factors affecting the microstructure and properties of the TiB2/Cu composite. The in situ reaction in the L−L reaction 
can be carried out more completely. By controlling the rolling and annealing process, the relative density and the 
properties of the as-deposited composites are optimized. The comprehensive performance of the deformed TiB2/Cu 
composite prepared by L−L reactive spray deposition (401 MPa and 83.5% IACS) is better than that by S−L reactive 
spray deposition (520 MPa and 20.2% IACS). 
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1 Introduction 
 

Owing to their good mechanical properties and 
electrical conductivity, copper matrix composites 
have been widely applied in major national 
infrastructure [1,2]. TiB2 possesses good wear 
resistance, corrosion resistance, and oxidation 
resistance and high conductivity, hardness, and 
melting point characteristics, which usually serves 
as reinforcement in copper matrix composites [3−5]. 
The TiB2/Cu composite has been conventionally 
produced by the stir casting [6], mechanical 
alloying [7], and powder metallurgy [8]. However, 
the segregation of the reinforcement, poor 
interfacial interactions and complex manufacturing 
processes are common problems in the above 
preparation methods [9−11]. Reactive spray 
deposition combines the advantages of rapid 
forming and an in situ reaction, which exhibits a 

homogeneous microstructure with fine grains, a 
good interface and near-net-shape formation [12]. 

According to the reaction mode of TiB2 
synthesis, the reactive spray deposition process can 
be divided into two types: solid−liquid (S−L) 
reactions [13,14] and liquid−liquid (L−L)  
reactions [15−18]. LEE et al [13] prepared a 
TiB2/Cu composite by spray forming a Cu−Ti melt 
while injecting Cu−B solid powders into the spray 
of droplets. Because the reaction between Ti and B 
occurred after the deposition of Cu−Ti droplets, 
nanoscale TiB2 particles were formed. However, the 
reaction process was not easy to control, and the 
reinforcement tended to segregate at the grain 
boundary [14]. For the L−L reaction, WANG     
et al [15] prepared an as-deposited TiB2/Zn−30Al− 
1Cu composite by carrying out an in situ reaction 
during the melting process. The matrix material was 
first melted, and the reinforcements were formed  
in situ in the molten alloy. Then, the composite melt  
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was atomized to obtain a deposited billet. LEE    
et al [13] also prepared an as-deposited TiB2/Cu 
composite by using L−L reaction. Cu−2wt.%Ti and 
Cu−2wt.%B master alloys were first melted 
together and then atomized to form a deposited 
billet. It was easy to control the in situ reaction 
process during the L−L reactive spray deposition 
process. However, because the in situ TiB2 particles 
with low density were formed in the composite  
melt, they always floated to the upper part of the 
melt, which caused gravity segregation. 

Since both S−L and L−L reactions have their 
own disadvantages, the study of TiB2/Cu 
composites prepared by reactive spray deposition is 
rare. In this work, B powders were individually 
injected into the spray of Cu−Ti droplets during 
S−L reactive spray deposition to better control the 
reaction process. To avoid gravity segregation, an 
improved L−L reactive spray deposition method 
was innovatively attempted by separating the Cu−Ti 
and Cu−B master alloys before melting. After 
holding at the liquid temperature of 1450 °C for   
5 min, the separated Cu−Ti and Cu−B master alloys 
were co-injected into the channel, where TiB2 
particles were formed. In this way, TiB2 particles 
would not float. However, whether the S−L or L−L 
reaction is beneficial for spray-formed TiB2/Cu 
composites is unclear. Therefore, the microstructure 
and properties of S−L and L−L reactive spray 
deposition billets were compared. 
 
2 Experimental 
 
2.1 TiB2/Cu composite fabrication 

2wt.%TiB2/Cu composites were fabricated by 
both S−L and L−L reactive spray deposition. 
Schematic diagrams of the two kinds of reactive 
spray deposition are shown in Fig. 1. S−L reactive 
spray deposition was performed by spray forming a 
Cu−Ti melt while injecting B powders into the 
spray of droplets, as shown in Fig. 1(a). The Cu−Ti 
master alloy was induction melted under an argon 
atmosphere at 1450 °C. When the alloy was fully 
melted, B powders were injected into the atomizer 
at a flow rate of 15 L/min. The melt flowed through 
a graphite nozzle with an inner diameter of 5 mm, 
and the distance from the nozzle to the substrate 
was kept at 140 mm. Then, the melt stream was 
atomized into fine droplets by nitrogen gas at a 
constant pressure of 3 MPa, and a billet with a 

diameter of 120 mm was fabricated by 
manipulating the deposit stage. L−L reactive spray 
deposition was performed by spray forming Cu−Ti 
and Cu−B melts simultaneously (see Fig. 1(b)). In 
this work, the liquid alloys were atomized after 
mixing in the channel, which differs from 
conventional L−L reactive spray deposition. 
Subsequently, the atomization and deposition 
processes were the same as those of the S−L 
reaction. 
 

 
Fig. 1 Schematic diagrams of reactive spray deposition: 

(a) S−L reaction; (b) L−L reaction 

 
The S−L spray-deposited billet is labeled the 

S−L sample, and the L−L spray-deposited billet is 
labeled the L−L sample. To eliminate unfavorable 
deposition defects and improve the relative density, 
cold rolling with a 40% reduction in thickness and 
stress-relief annealing at 200 °C for 120 min were 
performed. 
 
2.2 Property characterization 

Phase identification was carried out by X-ray 
diffraction (XRD, XRD−7000S). The micro- 
structure was characterized by scanning electron 
microscopy (SEM, JSE−6700F) and transmission 
electron microscopy (TEM, JEM−3010). Samples 
for SEM observation were prepared by mechanical 
grinding and electrolytic polishing with a solution 
containing 70% phosphoric acid in ethanol. The 
relative density was measured by the Archimedes’ 
method. The hardness was evaluated by the Brinell 
hardness test method. The electrical conductivity 
expressed in % IACS (International Annealed 
Copper Standard) was examined by an eddy-current 
instrument. The tensile strength and elongation 
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were tested by a tensile testing machine 
(HT−2402). 
 
3 Results and discussion 
 
3.1 Microstructure analysis 

The XRD patterns of the S−L and L−L 
samples are given in Fig. 2. The TiB2 phase was 
detected in both the S−L and L−L samples, which 
confirmed that the in situ reaction of Ti+B→TiB2 
occurred during spray deposition. The weak 
diffraction peak of Cu3Ti only appeared in the S−L 
sample. Furthermore, the lattice parameters of the 
Cu matrix of the two samples were calculated by 
using the angle reflections of (111), (200) and (220) 
in Fig. 2. Compared to the lattice parameter of pure 
copper (0.36178 nm [19]), the calculated lattice 
parameters of the Cu matrix of the S−L and L−L 
samples were 0.36221 and 0.36183 nm, respectively. 
The result of the L−L sample was very close to the 
lattice parameter of pure copper, indicating that the 
content of the solid solution element in the Cu 
matrix was barely detected and that the in situ 
reaction was carried out completely. The result is 
that the lattice parameter of the S−L sample was 
higher than that of pure copper, which is ascribed to 
the solid solution of unreacted Ti (1.76 Å) in the Cu 
(1.27 Å) matrix. The precipitation of Cu3Ti and the 
solid solution of Ti indicated an incomplete reaction 
between Ti and B in the S−L sample. For the L−L 
reaction, the mixed master alloys formed 
homogeneous Cu−Ti−B ternary liquids in the 
channel. Since the precipitation kinetics of TiB2 
particles from ternary liquids are rather rapid [20], a 
relatively complete in situ reaction can be achieved 
in the L−L reaction. For the case of the S−L 
reaction, the in situ reaction depends on the 
impingement between B particles and Cu−Ti 
droplets and the dissolution of B into Cu−Ti liquids. 

 

 

Fig. 2 XRD patterns of S−L and L−L samples 

 
However, a small portion of Cu−Ti droplets will 
solidify before impingement and dissolution occur, 
which results in an incomplete reaction. 
  Figure 3 shows the microstructures of the as- 
deposited S−L and L−L samples. According to the 
XRD patterns shown in Fig. 2, the reinforcement 
and matrix could be identified as TiB2 and Cu. The 
nonuniform distribution of TiB2 with a size range of 
200−700 nm could be determined, including TiB2 
clusters and particles. The segregation in the S−L 
sample was severer than that in the L−L sample, 
which tended to manifest as a net-work distribution. 
The net-work distribution was related to the 
relatively high cooling rate in the S−L process, as 
the injection of B powders into the spray cone will 
introduce a chilling effect. When the sprayed Cu−Ti 
droplets and the injected B powders reached the 
billet surface, a thin semisolid layer was formed, in 
which B diffused into the Cu−Ti droplets and 
reacted with Ti [13]. When partial solidification of 
the droplet occurred prior to deposition, the B 
powders accumulated around the edge of the  
Cu−Ti droplet, and a net-work distribution of 

 

 
Fig. 3 Microstructures of as-deposited samples: (a) S−L sample; (b) L−L sample 
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reinforcement was formed. Figure 4 shows the 
TEM images of the S−L sample and L−L sample. 
Based on the selected area electron diffraction 
(SAED) pattern of the S−L sample (Fig. 4(b)), the 
particle was identified as B, which indicated that 
the B powder remained in the deposited billet. The 
particles in the L−L sample were identified as TiB2 
by SAED analysis, and no B particles were found. 

In light of the results of the      
Archimedes’ method, the relative density of the 
as-deposited S−L sample with a value of 91.12% 
was lower than that of the L−L sample with a value 
of 96.60%. On one hand, the density of deposition 
billets depended on the solid volume fraction of the 
droplet when it reached the billet surface. The rapid 
cooling rate of the droplet in the S−L reaction 
always caused a large solid volume fraction. The 
droplet with a high solid phase fraction had 
difficulty adhering to the top layer of the billet, 
which led to the formation of microporosity (see 

Fig. 3(a)). On the other hand, the density of the 
composite was determined by its composition, and 
the low density of the unreacted B powder caused 
the low density of the S−L sample. 

With the aim of eliminating the deposition 
defects and improving the relative density, cold 
rolling and low-temperature annealing were carried 
out. Figure 5 shows the microstructures of 
deformed S−L and L−L samples. In Fig. 5(a), the 
spherical network became an ellipsoid shape, 
illustrating a dense microstructure. In Fig. 5(b), the 
distribution of TiB2 particles became uniform with a 
streamlined shape. The relative density of the two 
samples increased to 98.50% after cold 
deformation. 

 
3.2 Evolution of properties 

The different solidification processes of the 
two reaction modes gave rise to different reaction 
degrees, which would eventually lead to different  

 

 

Fig. 4 TEM images of S−L sample and L−L sample: (a, b) Bright field image of B powder in S−L sample and 

corresponding SAED pattern; (c, d) Bright field image of TiB2 particles in L−L sample and corresponding SAED 

pattern 



Dan CHEN, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1849−1856 

 

1853
 
properties. Table 1 lists the electrical conductivity, 
hardness, tensile strength and elongation of the S−L 
and L−L samples. In addition, the values listed in 
Table 1 show that cold rolling and annealing have a 
significant impact on the mechanical properties. 

The electrical conductivity of the S−L sample 
was much lower than that of the L−L sample, which 
can be ascribed to the following two reasons. The 
main reason is that the solid solution of Ti in the Cu 
matrix increased the scattering ability of the 
electrons [21]; thus, the electrical conductivity of 
the S−L sample significantly decreased. The less 
important reason is that B and Cu3Ti impurities in 
the S−L sample had an unfavorable effect on the 
electrical conductivity. After cold rolling and 
annealing, the electrical conductivity of both the 
S−L and L−L samples increased due to the 
increased relative density. Because the relative 
density of the S−L sample had a large increment 
from 91.12% to 98.50%, the electrical conductivity 
increased substantially from 12.5% IACS to 
20.2% IACS. The increasing trend of the L−L 
sample, by comparison, was not obvious due to the 
slight increase in the relative density. 

For the as-deposited samples, both the tensile 
strength and the elongation of the S−L sample were 
lower than those of the L−L sample, while the 
harness of the two samples appeared to show an 
opposite trend. After rolling and annealing, the 
tensile strength and the hardness of the two samples 
were markedly improved, but the elongation was 

reduced. By comparing the variations in the 
mechanical properties, the rolling and annealing 
process had a stronger impact on the S−L sample 
than the L−L sample, as shown in Fig. 6. For 
example, the tensile strengths were improved by 
115% and 40% for the S−L and L−L samples, 
respectively. 

Due to the low relative density in the 
as-deposited samples, the microporosity may act as 
preferential sites for microcrack initiation during 
tensile testing. Since the volume fraction of the 
microporosity in the as-deposited S−L sample was 
as high as 8.88%, it became a crucial factor for the 
low tensile strength. However, the hardness seems 
insensitive to the microporosity. Due to the solid 
solution of unreacted Ti and the precipitation of the 
Cu3Ti phase in the S−L sample, the harness was 
comparable to that of the Cu−Ti alloys [22]. 

In combination with the tensile fracture 
morphology shown in Fig. 7, the tensile properties 
of deformed S−L and L−L samples were analyzed. 
Both samples exhibited an obvious dimple-like 
fracture, which clearly revealed ductile properties. 
Taking a closer look in Fig. 7, it can be seen that the 
fracture surface of the S−L sample contained 
dimples of different sizes, but the fracture surface 
of the L−L sample was composed of a large number 
of relatively uniform fine dimples. Since the 
microporosity was substantially removed after cold 
rolling and annealing, the difference in tensile 
properties between the two samples was mainly 

 

 
Fig. 5 Microstructures of deformed samples: (a) S−L sample; (b) L−L sample 

 
Table 1 Electrical conductivity, hardness, tensile strength and elongation of S−L and L−L samples 

Sample Conductivity/% IACS Hardness (HB) Tensile strength/MPa Elongation/%

As-deposited S−L sample 12.5 87±1.6 242 10.2 

As-deposited L−L sample 82.5 68±2.2 287 24.2 

Deformed S−L sample 20.2 140±1.8 520 4.4 

Deformed L−L sample 83.5 100±1.3 401 10.2 
 



Dan CHEN, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1849−1856 

 

1854
 
 

 
Fig. 6 Tensile stress−strain curves of deformed 

composites with S−L and L−L reaction modes 

 

 

Fig. 7 Tensile fracture morphologies of deformed S−L (a) 

and L−L (b) samples 

 

attributed to microstructure characteristics. A 
striking difference between the two samples was the 
distribution state of the reinforcements. For the case 
of the S−L sample, the distribution of 
reinforcements exhibited a heterogeneous form (see 
Fig. 3(a)). Therefore, cold rolling will result in a 
nonhomogeneous deformation because the 
reinforcement-rich regions have a much higher 
ability to resist deformation than the reinforcement- 
poor regions [23]. This nonhomogeneous 
deformation can be confirmed by the fracture 

morphology shown in Fig. 7(a), where the large and 
small dimples occurred at the reinforcement-poor 
and reinforcement-rich regions, respectively. 
Compared with the more homogeneous L−L sample, 
the cold rolling of the S−L sample led to a higher 
work hardening effect because the plastic 
deformation is mainly concentrated in the 
reinforcement-poor region. Accordingly, it resulted 
in a higher tensile strength of the deformed S−L 
sample than that of the deformed L−L sample. 

Since the strength and electrical conductivity 
are two important properties of electrical 
engineering materials, a combination index, M, was 
proposed to evaluate the comprehensive 
performance of copper materials. The M index can 
be expressed as follows [24]: 
 

2
bM                                    (1) 

 
where σb and ρ represent the ultimate tensile 
strength and the electrical conductivity, respectively. 
The calculated values of the M index for the S−L 
and L−L samples are 5.46×106 and 13.42×106 

MPa2ꞏ% IACS, respectively. Accordingly, it can be 
concluded that the comprehensive performance of 
the in situ TiB2/Cu composite prepared by L−L 
reactive spray deposition is much better. 
 
4 Conclusions 
 

(1) The in situ reaction degree and rolling 
treatment were the main factors affecting the 
microstructure and properties of the TiB2/Cu 
composites prepared by S−L and L−L reactive 
spray deposition. 

(2) The injection of B powder accelerated the 
cooling rate of the Cu−Ti droplets for the S−L 
reaction, resulting in an incomplete in situ reaction 
and a heterogeneous composite with a low relative 
density. By comparison, the co-injection of the 
Cu−B and Cu−Ti melts for the L−L reactive spray 
deposition led to a relatively complete reaction and 
more homogeneous composites with a high relative 
density. 

(3) The comprehensive performance of the 
deformed TiB2/Cu composite prepared by L−L 
reactive spray deposition is better than that prepared 
by S−L reactive spray deposition. This performance 
can be explained by the fact that the L−L reactive 
spray deposition is beneficial for the in situ reaction 
between Ti and B and the deposition process. 
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固−液和液−液反应喷射沉积法制备 
原位 TiB2/Cu 复合材料 

 

陈 丹，姜伊辉，李玉发，刘 笛，何降坛，曹 飞，梁淑华 

 

西安理工大学 材料科学与工程学院 陕西省电工材料与熔(浸)渗技术重点实验室，西安 710048 

 

摘  要：利用固−液和液−液反应喷射沉积法并结合冷轧和退火工艺制备原位 TiB2/Cu 复合材料，对比分析该复合

材料的显微组织和性能。结果表明，TiB2/Cu 复合材料的显微组织和性能主要受反应方式和轧制处理的影响。利

用液−液反应法可使原位反应更充分地进行，而通过轧制和退火处理可使复合材料原始沉积坯的致密度和性能得

到优化。利用液−液反应喷射沉积制备的轧制态 TiB2/Cu 复合材料的综合性能(401 MPa 和 83.5% IACS)优于利用  

固−液反应喷射沉积制备的轧制态 TiB2/Cu 复合材料的综合性能(520 MPa 和 20.2% IACS)。 

关键词：原位 TiB2/Cu 复合材料；反应喷射沉积；导电率；拉伸强度 
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