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Abstract: In situ TiB2/7055 composites were successfully synthesized via magnetic chemical direct melt reaction from 7055 
(Al−3B)−Ti system. The phase composition and the microstructure of the composites were investigated by XRD, OM and SEM 
technologies, and the mechanical and wear properties were tested. The results indicate that with the pulsed magnetic field assistance, 
the morphologies of in situ TiB2 particles are mainly hexagonal-shape or nearly spherical, the sizes are less than 1 μm, and the 
distribution of the matrix is uniform. Compared the microstructures of the 7055 aluminum matrix composites synthesized without 
pulsed magnetic field, the average size of α(Al) phase with pulsed magnetic field assistance is decreased from 20 to 10 μm, the array 
of the second phase is changed from continuous net-shape to discontinuous shape. With the pulsed magnetic field, the tensile 
strengths of the composites are enhanced from 310 to 330 MPa, and the elongations are increased from 7.5% to 8.0%. In addition, 
compared with matrix alloy, the wear mass loss of the composites is decreased from 111 to 78 mg under a load of 100 N for 120 min. 
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1 Introduction 
 

Nowadays, with the increasing concerning about 
energy saving and demands of applying advanced 
structures in aerospace, military, automobile and 
electronic area, particle-reinforcement aluminum matrix 
composites (PRAMCs) are more and more attractive for 
the material scientists, because of their low density, high 
specific stiffness, strong wear resistance, reduced thermal 
expansion coefficient and high thermal conductivity 
[1−4]. Among all the fabrication techniques of PRAMCs, 
casting process is widely used due to its excellent 
near-net-shape production capability, economical 
viability and versatility. Near-net-shape casting process 
can be classified as ex situ (where the reinforcing 
particles are added into the melt as powders) or in situ 
ones (where particles are synthesized within the melt). 
Compared with the traditional ex situ composites, the in 
situ reinforced aluminum matrix composites possess 
more advantages in both microstructures and mechanical 
properties, such as clean interfaces, strong interfacial 

bonding, fine particles and uniform distribution in matrix 
[5−8]. 

In recent years, TiB2 as reinforcement for aluminum 
matrix composites has been extensively investigated due 
to its high stiffness, hardness and thermodynamic 
stability in contrast to most ceramics. The addition of 
TiB2 to a metal matrix can greatly improve stiffness, 
hardness, and wear resistance without apparent loss of 
thermal expansion coefficient and conductivities 
compared with other ceramic reinforcements. There are 
several approaches to synthesize in situ TiB2/Al 
composites. Among them, stir casting is the most 
economical viability. Researchers have done a massive 
research effort in synthesizing the TiB2 particle- 
reinforcement aluminum matrix composites, and fine 
TiB2/Al composites have been successfully fabricated by 
different measures [9−14]. But most of the previous 
reports were focused on fluoride salt and oxide as 
resources of Ti and B. For instance, LE et al [15] 
developed TiB2/A356 composites successfully via the 
melt in situ reaction, where the exothermic reaction 
occurred when two kinds of reactants (K2TiF6 and KBF4)  
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were added into the aluminum melt. LU et al [16] 
fabricated in situ TiB2 reinforced Al alloy composites 
from Al−4% Cu matrix, TiO2 and B2O3 powders [16]. 
However, very few researchers have used master alloys 
as reactant materials. 

The use of master alloys as reactants exhibits 
several advantages over commonly used powders and 
salts. The reaction process is simple and materials are 
fully utilized, while in salt method the reactants are not 
fully utilized due to the formation of slag at high 
temperatures, and complicated reaction process leads to 
formation of other unwanted byproducts. The fabrication 
of in situ composites via powders as reactants is at high 
temperature conditions. However, the master alloys as 
reactants can be completed at relatively low temperature 
conditions and the yield ratio is high [17,18], but the 
direct melt reaction using master alloys requires long 
stirring time at high temperatures in order to obtain the 
full incorporation and thorough reaction of the added 
reactants. Thus, the magnetic field as one of the 
fabrication techniques is used for synthesizing the 
TiB2/7055 composites, because the strong vibration 
effects of magnetic field can accelerate the reaction 
process, refine grains, decrease segregation and lead to 
fine and more uniform particle distribution [19]. 

In the present work, the TiB2/7055 composites are 
fabricated from Al−3B master alloy and Ti powder via 
melt in situ reaction with the pulsed magnetic field 
assistance. The distribution and morphology of in situ 
reinforcements, the microstructures and mechanical 
properties of the composites are investigated. The effects 
of pulsed magnetic field on the microstructures and 
properties of the composites are analyzed, and the 
mechanisms are discussed. 

 
2 Experimental 
 

The raw materials were titanium powder (purity 
75%, average size 100 µm), Al−3B and commercial 7055 
master alloy. The nominal compositions of experimental 
7055 and Al−3B master alloy are listed in Table 1. 
 
Table 1 Compositions of 7055 and Al−3B master alloy (mass 
fraction, %) 

Alloy Zn Mg Cu Zr Fe Mn Si Al

7055 8.0 2.2 2.2 0.2 ≤0.10 ≤0.05 ≤0.15 Bal.

Alloy B Fe Others Al 

Al−3B 2.94 0.32 0.10 Bal. 

 
The 7055 matrix alloy was melted in a graphite 

crucible (d70 mm×85 mm×160 mm) heated by an 

electrical resistance furnace, and certain amount of 
Al−3B master alloy was added into the molten alloy at 
973 K. When the temperature of the melt was 1113 K, Ti 
powder was added (mole ration of Ti to B is 1:2.1) and 
incorporated by mechanical stirring. During the in situ 
reaction, the impulse magnetic field system (WY1600) 
was turned on and the frequency was fixed at 25 Hz and 
the magnetic current intensity was 150 A. After holding 
the reaction temperature at 1123 K for 30 min, the melt 
was degassed by hexachloroethane degasifying agent, 
and then poured into a mould with 14 mm in inside 
diameter and 80 mm in length. After being cooled to the 
room temperature in air, the specimens were cut for XRD 
and SEM analysis, as well as mechanical properties test. 
The sizes of the specimens for tensile and wear are 
shown in Fig. 1 and Fig. 2, respectively. 
 

  
Fig. 1 Sizes of tensile specimen (unit: mm) 
 

 

Fig. 2 Sizes of wear specimen (unit: mm) 
 

The X-ray diffraction (XRD, Rigaku D/max2500) 
was used to determine the phase component. Optical 
microscope (OM, LEICA DFC420) and scanning 
electron microscope (SEM, JEOL-JSM-7001F) were 
employed to observe the morphologies of reinforcement 
phases and tensile fracture surfaces. The tensile 
properties tests were carried out at room temperature by 
a computer-controlled electronic tensile testing machine 
(DWD−200) at a strain rate of 1.67×10−4 s−1 according to 
the ASTME8 standard. Wear tests were conducted under 
a load of 100 N with sliding velocity of 0.42 m/s by a 
wear apparatus (MG−2000) at room temperature. 
 
3 Results and discussion 
 
3.1 XRD and microstructure analyses 

Figure 3 shows the XRD pattern of in situ 
TiB2/7055 composites synthesized from 7055 
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(Al−3B)−Ti system with pulsed magnetic field assistance. 
As shown in Fig. 3, the in situ composites are composed 
of α(Al), TiB2, CuAl2 and MgZn2 phases, which indicate 
the existence of in situ TiB2 particulates. Due to no 
obvious diffraction peaks of AlB2 and Al3Ti in Fig. 3, the 
reaction occurring in the 7055 (Al−3B)−Ti system is 
complete. 
 

 

Fig. 3 XRD pattern of TiB2/7055 composites 
 

According to the above XRD pattern and Refs. [17] 
and [18], the possible reaction taken place in the 7055 
(Al−3B)+Ti system can be illustrated as follows: 
 
Ti+3Al→Al3Ti                              (1) 
 
Al3Ti +2B→TiB2+3Al                        (2) 
 
AlB2+Al3Ti→TiB2+4Al                       (3) 
 

The in situ reaction starts from the initiation of 
cracks and voids on the external surfaces of Al3Ti with 
diffusion of free B atoms into these sites, and the number 
of sites for the reaction is increased with dissolution of 
Al3Ti particles, so that the rate of the reaction is raised 
with forming finer TiB2 particles. Further, the possibility 
of reaction between Al3Ti and AlB2 cannot be ignored, 
because of the instability of Al3Ti and AlB2 at high 
temperatures.  

In this research, considering the grain refinement of 
Al−3B master alloy and the mass loss at high 
temperatures, excess boron (mole ration of Ti to B is 
1:2.1) was added into the melt to ensure the full response 
of Al3Ti [20]. As shown in Eqs. (2) and (3), excess boron 
also promotes the formation of TiB2 and inhibits the 
existence of Al3Ti, but the temperature of Al−3B master 
alloy is usually 973−1033 K, which will lead to the mass 
loss of boron at high temperatures. When the reaction is 
complete, there is barely a trace of boron in the 
composites, so the AlB2 phase is not obviously found in 
the results. These are correspondence with the XRD 
pattern and the microstructures. 

Figure 4 shows the morphologies and distributions 
of the TiB2 particles in 7055 matrix composites. As 
shown in Fig. 4(a), the morphology of the particles is 
typically hexagonal or nearly spherical and the size is 
less than 1 μm, and there are clear interfaces between the 
TiB2 particles and 7055 matrix. Figures 4(b) and (c) 
show the distributions of TiB2 particles fabricated with 
different additions. It can be seen that the particles 
fabricated with 3% TiB2 are smaller and distribute 
uniformly than that with 5% TiB2, and the morphologies 
of the particles are typically spherical. When the mass 
fraction of TiB2 particles is 5%, the particles agglomerate 
to form some particle clusters, and the size of some 
particles even reaches 1 μm. 
 

 
Fig. 4 SEM images of as-prepared composites: (a) Morphology 
of particles; (b) With 3% TiB2 addition; (c) With 5% TiB2 

addition 
 
3.2 Influence of pulsed magnetic field 

Figure 5 shows the SEM images of the in situ 
TiB2/7055 composites with 3% TiB2 synthesized without 
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or with pulsed magnetic field assistance. With the pulsed 
magnetic field, a clear beneficial effect, in terms of the 
more uniform distribution of particles in the matrix, and 
a reduction in particle size to a sub-micron level are 
obtained. In addition, the grain size is significantly 
refined and the agglomeration of particles in matrix is 
reduced by the applied magnetic field. These are due to 
the strong vibration effects from the magnetic field, 
which are helpful to prevent existing clusters from 
clustering and breaking up. Furthermore, the larger 
electromagnetic force also gives rise to considerable 
agitation of the melt which improves significance of the 
diffusion between reactants leading to fine and more 
uniform particles [21]. 
 

 
 
Fig. 5 SEM images of TiB2/7055 composites synthesized 
without pulsed magnetic field assistance (a) and with pulsed 
magnetic field assistance (b) 
 

Based on the solidification theories [22], the 
nucleation near the mold and the liquid surface is an 
important source of nucleus. When the pulsed magnetic 
field is applied, the forced convection leads to the liquid 
surface to increase, so more nuclei are formed near the 
mold and the liquid surface. The broken dendrite crystal, 
which is caused by magnetic field, is another important 
source of nucleus. The movement velocity of nuclei and 
low temperature melt is accelerated by the forced 
convection, so that the solute field and temperature field 
become more uniform. Thus, the whole melt is quickly 

cooled and the tendency of remelting of nuclei is reduced. 
Overall, with the assistance of pulsed magnetic field, the 
grain size is significantly refined and the TiB2 particles 
become finer and more uniform, as shown in Fig. 5(b). 
 
3.3 Tensile properties 

The tensile properties of the cast matrix and in situ 
TiB2/7055 composites synthesized without or with 
pulsed magnetic field assistance tested under a load of  
5 kN at tensile velocity of 1 mm/min are listed in Table 2. 
The results indicate that the tensile strength of the 
composites is significantly enhanced from 285 to 310 
MPa. When the pulsed magnetic field is applied, the 
tensile strength of the cast composites is increased from 
310 MPa to 333 MPa. The improvement in tensile 
strength of the composites can be imputed to the 
interaction between TiB2 particles and dislocations; these 
reinforcement particles act as barriers to the movement 
of dislocations under the load, leading to higher tensile 
strength of the composites. Compared with matrix alloy, 
the ductility of the in situ composites synthesized with 
pulsed magnetic field shows no obvious decrease, which 
can be attributed to the grain refinement and 
coordination mechanism for micro-mechanics, and can 
retard the crack propagation during tensile deformation. 
Grain refinement may cause a great number of grains in 
a specific volume, and the deformation distributed 
uniformly with the grains, which lead to the better 
plasticity. 
 
Table 2 Tensile properties of cast matrix and composites 

Material Magnetic
field 

Tensile 
strength/MPa 

Elongation/
% 

7055 alloy Without 285 8.3 
3%TiB2/7055 Without 310 7.5 
3%TiB2/7055 With 333 8.0 

 
3.4 Tensile fracture surface 

Figure 6 shows the SEM images of tensile fracture 
surface of the cast matrix alloy and composites 
synthesized without or with pulsed magnetic field. As 
shown in Fig. 6(a), more dimples and tearing edges are 
observed, and few brittle areas are seen in 7055 cast 
matrix. This type of fracture is more consistent in 
materials with relatively high ductility. In Fig. 6(b), the 
number of observed dimples is decreased, and more 
brittle areas are observed on the composites fracture 
surface. As shown in Fig. 6(c), with the pulsed magnetic 
field, the number of dimples is increased and the size is 
smaller, which indicates that the ductility is retained. The 
variation of the tensile fracture surface is correspondence 
with the mechanical properties variations of the 
composites. 
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Fig. 6 SEM images of tensile fracture surface: (a) Cast matrix; 
(b) Composites synthesized without magnetic field; (c) 
Composites synthesized with magnetic field 
 
3.5 Dry sliding properties of composites 

In order to evaluate the wear resistance of the 
composites, the wear mass loss of the composites which 
were fabricated without or with pulsed magnetic field is 
tested under a load of 100 N and sliding velocity of 0.42 
m/s at different sliding time. Figure 7 shows variations in 
wear mass loss of the composites and matrix alloy as a 
function of sliding time. As shown in Fig. 7, compared 
with matrix alloy, the wear mass loss of the composites 
decreases in a given sliding time, and increases nearly 
linearly with the sliding time. In particular, when the 
sliding time is 120 min, the wear mass loss of composites 
synthesized with pulsed magnetic field is 78 mg, while 
that of matrix alloy is 111 mg. This can be attributed to 
the high stiffness, hardness and thermodynamic stability 
of TiB2 particles, and the addition of TiB2 particles can 
greatly improve the wear resistance of matrix alloy. 

 

 
Fig. 7 Wear mass loss of composites and matrix alloy as 
function of sliding time 
 

Figure 8 shows the SEM micrographs of the worn 
surface of the matrix alloy and composites under a load 
of 100 N, sliding velocity of 0.42 m/s and sliding time of 
120 min. 
 

  
Fig. 8 SEM images of worn surface: (a) Matrix alloy; (b) 
Composites synthesized with magnetic field 
 

As shown in Fig. 8(a), the distinct plastic- 
deformation layers and torn-up layers are observed. The 
wear action shows the adhesion wear character. With the 
addition of TiB2 particles, the plastic-deformation layers 
and torn-up layers also exist (see Fig. 8(b)). In addition, 
the plough shape grooves along the sliding direction 
created by the cutting action of the abrasive grains and 
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some delamination of the tribo oxide layer regions are 
obviously observed. The wear actions show a hybrid 
wear mechanism: adhesion wear, abrasive grains wear 
and mild oxidative wear [23]. During the wear process, 
the friction would produce plastic deformation and 
friction heat. As TiB2 is well known for its high stiffness, 
hardness and thermodynamic stability, the particles on 
the worn surface can hinder the plastic deformation, 
which will lead to the discoordination of strain rate and 
temperature between TiB2 particles and 7055 matrix. As 
a result, the strain gradient and temperature gradient may 
cause dynamic changes of worn surface shown in Fig. 8. 

 
4 Conclusions 
 

1) The TiB2/7055 composites are successfully 
fabricated from 7055 (Al−3B)−Ti system via 
magnetochemistry in situ melt reaction. 

2) With the pulsed magnetic field, the morphologies 
of the in situ TiB2 particles are mainly hexagonal-shape 
or nearly spherical, the size is less than 1 μm, and the 
distribution in the matrix is uniform. In addition, the 
grain size is significantly refined, the average size of 
α(Al) phase is decreased from 20 to 10 μm, and the array 
of the second phases is changed from continuous 
net-shape to discontinuous shape. 

3) The tensile strength of the composites with 3% 
TiB2 is enhanced from 310 to 333 MPa with pulsed 
magnetic field, and the elongation is increased from 
7.5% to 8.0%. 

4) The addition of TiB2 particles can greatly 
improve the wear resistance of matrix. In particular, 
under a load of 100 N, sliding velocity of 0.42 m/s and 
sliding time of 120 min, the wear mass loss of 
composites synthesized with pulsed magnetic field 
decreases from 111 to 78 mg. 
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磁化学熔体反应法合成 
TiB2/7055 复合材料的组织和性能 

 
钟龙华，赵玉涛，张松利，陈 刚，陈 帅，刘永红 

 
江苏大学 材料科学与工程学院，镇江 212013 

 
摘  要：通过磁化学熔体反应法在 7055 (Al−3%B)−Ti 反应体系中成功制备 TiB2/7055 复合材料。利用 XRD、OM

和 SEM 等分析检测技术研究复合材料的相组成和微观组织。结果表明，脉冲磁场作用下生成的 TiB2颗粒呈多边

状或近球形，尺寸小于 1 μm，均匀分布于基体中。与未施加脉冲磁场的复合材料相比，施加磁场后 α(Al)晶粒平

均尺寸从 20 μm 减小到约 10 μm，第二相从连续的网格状分布变为非连续性分布。在磁场作用下，复合材料的抗

拉强度从 310 MPa 提高到 333 MPa，伸长率从 7.5%提高到 8.0%。此外，与基体相比，在载荷为 100 N，磨损时

间为 120 min 时，复合材料的磨损量从 111 mg 降低到 78 mg。 

关键词：原位复合材料；磁化学；微观组织；力学性能 
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