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Abstract: An in situ reaction and spray forming technique were employed in the synthesis of 2% TiB2/ Si-30Al composite. The 
formation mechanism of TiB2 particulates was explained based on thermodynamic theory. The modification of the primary Si in the 
Si-30Al alloy was interpreted in the light of the knowledge of atomic diffusion. The experimental results show that adding 2% TiB2 
to the Si-30Al alloy can effectively refine the primary Si. Moreover, the coarsening and growth of primary Si phase in its semi-solid 
state was retarded effectively due to the existence of the TiB2 particulates.  
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1 Introduction 
 

Si-Al alloys with high Si content are attractive 
candidate materials for electronic packaging applications 
due to their excellent physical and mechanical properties, 
such as relatively high thermal conductivity, low density 
and thermal expansion coefficient [1−4]. However, early 
pioneering studies on the spray-formed Si-Al alloys with 
high Si content showed that there were still some 
problems encountered in the production of the alloys [5]. 
For example, the size of primary Si is not uniform and it 
will be increased when the alloys are reheated to the 
semi-solid state [6−7]. Recently, a novel technique to 
generate in situ particulate-reinforced metal matrix 
composites was developed (MMCs) [8−9]. In this 
technique, the matrix alloy was first melted, and then the 
reinforcements were in situ formed in the molten alloy 
by chemical reactions between elements or between the 
elements and the ceramic compounds. Among the 
reinforcement particulates, TiB2 is particularly attractive 
because of its high melting point, hardness, electrical 
conductivity and thermal conductivity. In fact, TiB2 
particulates were widely used in Al matrix composites as 

reinforcement and grain refiner [10−13]. However, there 
is very little information available on how to modify the 
primary Si in Al-Si alloys, especially in Si-Al alloys with 
high Si content [6−7]. The aim of this work is to 
elucidate the effect of TiB2 additions on the 
microstructure of spray-formed Si-30Al composite.  
 
2 Experimental 
 

The mixture of K2TiF6 and KBF4 was put into the 
molten pure aluminum (99.85%) at 850 °C. After stirring 
at 850 °C for about 30 min and degassing by C2Cl6, the 
molten composite was cast into a metal mold to get a 
TiB2/Al master alloy. Then the master alloy was 
remelted at 1 420 °C, and commercial pure Si was put 
into it to get 2%TiB2/Si-30Al materials according to 
Si-Al mass ratio of 7:3. Finally, the master alloy was 
spray-formed in order to get a 2%TiB2/Si-30Al billet. 
The melt was atomized using argon gas at 0.6 MPa. An 
atomizer−substrate distance of 600 mm, and a delivery 
tube (Al2O3) with a diameter of 4 mm were used. 

The phase identification of the samples was 
performed by X-ray diffraction (XRD) using Cu Kα 
radiation. After sanding and polishing, the specimens  
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were etched in a solution of mixed acids (1 mL HF+  
1.5 mL HCl+2.5 mL HNO3+95 mL H2O). The 
microstructures of the alloy and composite were 
examined using ZEISS SUPRA55 scanning electron 
microscope (SEM) and electron probe micro-analyzer 
(EPMA). 
 
3 Results and discussion 
 
3.1 Formation of in situ TiB2 in molten Si-30Al alloy 

The possible reaction to form TiB2 in the molten 
Si-30Al alloy fabricated by this technique can be 
expressed as [14]: 
 

2 6 43K TiF +6KBF +10Al=  

2 3 3 2 22TiB +6AlF +12KF+TiAl +AlB +6F        (1) 
 

In addition to the expected TiB2, it is found that 
TiAl3, AlB2, KF, AlF3 and F2 are also present in the 
reactants. F2 can be degassed easily from the final 
reactants. On the other hand, the possible reactions in 
Al−Ti−B system can be expressed as: 
 
Al(l)+2B=AlB2(s), 993−1 300 K                 (2) 
 

3Ti+3Al(l)=TiAl (s), 933 1 613 K−               (3) 
 

2Ti+2B=TiB (s), 298 1 700 K−                  (4) 
 

Figure 1 shows the standard Gibbs free energy for 
the possible reactions as a function of temperature when 
the mixture of K2TiF6 and KBF4 is put into the molten 
Si-Al alloy. By comparing the ΘΔ TG  values of three 
reactions in Eqs. (2)−(4), it is found that TiAl3 and AlB2 

are not more stable than TiB2. Moreover, the reaction 
between TiAl3 and AlB2 to form TiB2 can be expressed 
as: 
 
TiAl3(s)+AlB2(s)=TiB2(s)+4Al(l), (933−1 300 K)    (5) 
 

 
 
Fig. 1 Standard Gibbs free energy for possible reactions as 
function of temperature when the mixture of K2TiF6 and KBF4 
is put into the molten Si-30Al alloy 

Thus Eq. (1) can be rewritten as: 
 

2 6 4 2 33K TiF +6KBF +10Al=3TiB +10AlF +12KF    (6) 
 

KF and AlF3 in Eq. (6) can be eliminated from the 
dregs. Figures 2 shows XRD patterns of the top and 
bottom of the as-cast 2%TiB2/Si-30Al composite. It can 
be seen from the bottom of the sample that the 
microstructure consists of Si, Al and TiB2 phases, 
showing that the TiB2/Si-30Al composite was 
successfully produced (Fig. 2(b)). TiB2 phase was not 
found in the top of the sample (Fig. 2(a)), suggesting that 
relatively high density makes TiB2 particulates tend to 
agglomerate in the bottom of the sample [15−16]. 
 

 

Fig. 2 XRD patterns of 2%TiB2/Si-30Al in the top of sample (a) 
and in the bottom of sample (b) 
 
3.2 Microstructure of as-cast 2%TiB2/Si-30Al 

composite 
The SEM images of the 2%TiB2/Si-30Al in the top 

and bottom of sample are shown in Fig. 3. It is found that 
a lot of coarse dendrite primary Si exist in the top of 
as-cast Si-30Al alloy samples. Some primary Si of 
millimeter-size with cracks on the surface are found in 
the sample. Contrarily, the size of primary Si in the 
bottom of the sample is fine. Moreover, the primary Si 
particulates tend to be equiaxed-like. 
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Fig. 3 SEM images of 2%TiB2/Si-30Al in the top of sample (a) 
and in the bottom of sample (b) 
 

In order to further study the distribution of TiB2 
particulates, higher resolution SEM images were 
obtained from the bottom of the as-cast Si-30Al alloy. It 
is found that a lot of in situ TiB2 particulates (bright 
phase) agglomerate between the grain boundary of α(Al) 
and primary Si. A few TiB2 particulates exist in the 
interior of α(Al) or primary Si, as shown in Fig. 4. It is 
worthy of noting that some needle-like eutectic Si phase 
can be also detected. 
 
3.3 Microstructure of spray-formed 2%TiB2/Si-30Al 

Figure 5 shows XRD patterns of the top and bottom 
of the spray-formed 2%TiB2/Si-30Al composite. It is 
found that both the specimens consist of Si, Al and TiB2, 
showing that the distribution of the TiB2 particulates is 
fairly good under the spray forming procedure. It means 
that spray forming technique is beneficial to improve the 
distribution of TiB2 particulates even in the top of the 
sample. 

Figure 6 shows the typical SEM images of 
spray-formed 2%TiB2/Si-30Al composite. It can be seen 
that the microstructure of the composite consists of 
primary Si (light grey, ~35 μm), interpenetrating Al 
phase (dark grey), and fine TiB2 particulates (bright). 
The morphologies of TiB2 particulates with a mean grain 
size of 1−2 μm are hexagonal or tetragonal platelet. 
Some regular and irregular pores (dark holes) are found 
in the as-deposited 2%TiB2/Si-30Al composite. The TiB2 

particulates play a role in heterogeneous nucleation. This 

 

 

Fig. 4 SEM images of bottom of 2%TiB2/Si-30Al composite (a) 
and magnified image showing distribution of TiB2  
particulates (b) 
 

 
Fig. 5 XRD patterns of spray-formed 2%TiB2/Si-30Al in the 
top (a) and bottom (b) of samples 



GAN Gui-sheng, et al/Trans. Nonferrous Met. Soc. China 21(2011) 2242−2247 2245

 

 
 
Fig. 6 SEM images of spray-formed 2%TiB2/Si-30Al 
composite (a) and TiB2 (b) 

is beneficial to delete the needle-like eutectic Si phase, as 
shown in Fig. 4(a), and refine the primary Si. The fact 
that the needle-like eutectic Si phase is deleted can be 
proved further by EPMA results, in which no needle-like 
Al-Si eutectic phase between the primary Si particulates 
was found, as shown in Fig. 7. 
 
3.4 Effect of TiB2 on primary Si in semi-solid state 

during heating 
The microstructures of 2%TiB2/Si-30Al composite 

samples after being heated to the semi-solid state at 
different temperatures and held for 90 min are shown in 
Fig. 8. The primary Si did not obviously grow, but 
became smooth and had a tendency to be sphere-like 
with the increase of temperature. The reason is that the 
energy between primary Si boundaries is relatively high 
and Si atoms in the boundaries are more active than 
others at a higher temperature. Hence Si atoms located at 
the boundaries are easier to diffuse with increasing 
temperature. Although the primary Si did not grow 
obviously when the samples were held in the semi-solid 
state, α(Al) phase in the matrix was melted partly and 
seeped on the surface of the sample as Al droplets. 

 

 
Fig. 7 EPMA results of spray-formed 2%TiB2/Si-30Al composite: (a) Scanning area; (b) B element; (c) Al element; (d) Si element 
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Fig. 8 Microstructures of spray-formed 2%TiB2/Si-30Al composite after being reheated to semi-solid state at different temperatures 
and held for 90 min: (a) 600 °C; (b) 650 °C; (c) 700 °C; (d) 750 °C 
 

ZHANG et al [7] studied the microstructure of 
spray-formed Si-30Al alloy reheated and held in 
semi-solid state, and reported that there was no obvious 
growth of primary Si when the alloy sample was held 
below 590 °C for 90 min. When the samples were held 
above 590 °C for 90 min, however, a number of Al 
droplets were seeped out of samples. Under the condition, 
the size of primary Si was found to increase obviously. 
The size of primary Si held in the temperature range of 
600−640 °C for 90 min increased by 2−12 μm [7]. 
Comparing Zhang’s and our results presented in Fig. 9, it 
is found that the grain size of primary Si in the 2%TiB2/ 
 

 

Fig. 9 Size of primary Si of spray-formed Si-30Al alloy and 
2%TiB2/Si-30Al composite held at different temperatures for 
90 min 

Si-30Al composite is smaller than that in the Si-30Al 
alloy. This is because the TiB2 particulates are in situ 
formed in the Si-30Al alloy and can play a role in 
heterogeneous nucleation. As we all know, TiB2 has high 
melting point and is thermodynamically stable. TiB2 has 
been synthesized in the melt matrix before the primary Si 
phase is crystallized. Moreover, the presence of TiB2 
particulates increases the nucleation kinetics of primary 
Si phase by increasing the density of nuclei in the melt, 
which is beneficial to the formation of fine primary Si 
phase. Finally, the TiB2 particulates located in the grain 
boundary can hinder the Si atoms from diffusing of the 
Si-30Al alloy in the semi-solid state. Therefore, the 
growth rate of primary Si is decreased. 
 
4 Conclusions 
 

1) 2%TiB2/Si-30Al composite was prepared by melt 
in situ reaction. The TiB2 particulates can modify the 
morphology of primary Si and refine the size of Si 
particulates. 

2) The microstructure of spray-formed 2%TiB2/ 
Si-30Al composite consists of primary Si (~35 μm), 
interpenetrating Al-rich phase, and dispersively 
distributed fine TiB2 particulates (1−2 μm). 

3) Adding 2% TiB2 to the Si-30Al alloy can 
effectively retard primary Si from coarsening when the 
spray-formed 2%TiB2/Si-30Al composite was reheated 
to the semi-solid state. 
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TiB2颗粒对喷射沉积 Si-30Al 复合材料显微组织的影响 
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摘  要：结合原位反应技术和喷射沉积技术制备 2% TiB2 /Si-30Al 铝基复合材料。应用热力学讨论 TiB2颗粒的原

位反应合成原理，根据原子扩散理论分析 TiB2 对初晶硅的改性作用。结果表明：Si-30Al 中添加 2%(质量分数)的

TiB2能明显细化初晶硅相。在半固态二次加热过程中，TiB2颗粒能明显抑制初晶硅的粗化、长大。 

关键词：喷射沉积；TiB2颗粒；粗化；半固态 
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