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Abstract: A series of Al−Ti−B master alloys were prepared by different preparation routes, and the TiB2 particles in the master 
alloys were extracted and analyzed. It is found that the forming process has significant influence on the three-dimensional 
morphology of TiB2 particles. Different preparation routes result in different reaction forms, which accounts for the morphology 
variation of TiB2 particles. When the Al−Ti−B master alloy is prepared using “halide salt” route, TiB2 particles exhibit hexagonal 
platelet morphology and are independent with each other. In addition, the reaction temperature almost does not have influence on the 
morphology of TiB2 particles. However, TiB2 particles exhibit different morphologies at different reaction temperatures when the 
master alloys are prepared with Al−3B and Ti sponge. When the master alloy is prepared at 850 °C, a kind of TiB2 particle 
agglomeration forms with a size larger than 5 μm. The TiB2 particles change to layered stacking morphology even dendritic 
morphology with the reaction temperature reaching up to 1200 °C. 
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1 Introduction 
 

Al−Ti−B master alloys are good refiners for Al and 
its alloys [1−3], and Al−TiB2 alloys can be used as 
composites due to good wear resistance, high tensile 
strength and elastic modulus [4−6]. The widely used 
preparation method of Al−Ti−B alloys is “halide salt” 
route [5−8], but it suffers several drawbacks in practice 
caused by the low content of B and Ti in the fluoride, 
such as a large amount of fluoride addition, serious 
pollution, and difficulty to control [2,9,10]. In recent 
years, extensive studies have been conducted by 
changing the raw materials and process. For example, 
YÜCEL [11] prepared a more effective Al−Ti−B master 
alloy by replacing KBF4 with Na2B4O7 or B2O3 via 
self-propagating high-temperature synthesis (SHS) 
technology. 

From existing studies, it is found that different 
preparation routes result in different refining abilities or 
mechanical properties of the Al−Ti−B alloys [2, 7−13]. It 
is thought that the morphology of TiB2 particles plays a 

vital role in the grain refiners and composites. However, 
the studies of Al−Ti−B alloy were mainly focused on the 
morphology of TiAl3 particles and the distribution of 
TiB2 particles in previous works [7−11], and a 
comprehensive study on the three-dimensional 
morphology of TiB2 particles in Al−Ti−B alloy has not 
been conducted. 

In this study, Al−5Ti−1B (all compositions quoted 
in this work are in mass fraction unless otherwise stated) 
master alloys were prepared by different processes, and 
the TiB2 particles in the master alloys were extracted. 
The influence of forming process on the three- 
dimensional morphology of TiB2 particles in Al−Ti−B 
master alloys was studied. 
 
2 Experimental 
 

A series of Al−5Ti−1B master alloys were prepared 
by different processes (Table 1). 99% KBF4 and K2TiF6, 
99.8% Ti sponge, 99.7% commercial pure Al and Al−3B 
master alloy were used in this study. About 2 kg 
commercial pure Al was melted in a medium frequency 
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furnace and the mixed powders of KBF4 and K2TiF6 
were added into the melt at 850 °C or 1200 °C, which 
were designated as S1 and S2, respectively. After 
holding for 10 min, the melt was poured into an iron 
mould (50 mm in diameter and 25 mm in height). 
Another two Al−5Ti−1B master alloys were prepared 
with Al−3B and Ti sponge at 850 °C or 1200 °C, and 
were designated as S3 and S4 respectively. 
 
Table 1 Preparation of experimental master alloys 

Alloy Raw source Experimental 
temperature/°C 

Alloy 
designation

Al−5Ti−1B KBF4, K2TiF6 850 S1 

Al−5Ti−1B KBF4, K2TiF6 1200 S2 

Al−5Ti−1B Al−3B, Ti sponge 850 S3 

Al−5Ti−1B Al−3B, Ti sponge 1200 S4 

 
The TB2 particles were extracted from all the master 

alloys by a special extraction method to observe the 
three-dimensional morphology [14]. First, the Al matrix 
was dissolved in a solution of 10% HCl. Next, the 
particles in the solution were centrifuged by a centrifugal 
extractor. And then the collected sediments were rinsed 
with distilled water and ethanol several times. The 
metallographic specimens were intercepted from each 
bottom of the samples and the phase constituent was 
identified by X-ray diffraction (XRD). The 
microstructure of the alloy and the particle morphology 
were examined on a field emission scanning electron 
microscope (FESEM) equipped with an energy- 
dispersive spectroscopy detector (EDS). 
 
3 Results and discussion 
 
3.1 Microstructure of master alloys 

Figure 1 shows the microstructure of the 
Al−5Ti−1B master alloys prepared by “halide salt” route 
(S1 and S2). It can be seen that the second phase 
particles are relatively dispersed in Al matrix in samples 
S1 and S2. Furthermore, there are some block-like TiAl3 
in sample S1, as shown in Fig. 1(a). In sample S2, TiAl3 
shows stick-like morphology and is larger than that in 
sample S1 (Fig. 1(b)), which is attributed to the higher 
melting and pouring temperature. 

In order to observe three-dimensional morphology 
and size of TiB2 particles, the particles were extracted 
from the master alloys. Figures 2(a) and (b) show the 
morphologies of TiB2 particles extracted from sample S1 
and S2, respectively. From the corresponding XRD 
results in Fig. 2(a) it is found the particles mainly  
contain two kinds of phases: TiB2 and TiAl3. The 
morphology of TiB2 particles in sample S1 is hexagonal 
platelet, and the size is about 1 μm (with the thickness of 

 

 
Fig. 1 FESEM images of Al−5Ti−1B master alloys prepared by 
“halide salt” route: (a) Sample S1; (b) Sample S2 
 

 
Fig. 2 FESEM images of particles extracted from samples S1 (a) 
and S2 (b) and XRD patterns (c) 
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0.2−0.5 μm). And TiB2 particles are independent with 
each other. The particles in sample S2 also exhibit 
hexagonal platelet morphology but its size is variable, 
which is different with that in sample S1. Some TiB2 
particles are about 2 μm in size while others are smaller 
than 1 μm. The morphology of TiB2 particles in samples 
S1 and S2 are almost the same, so it can be concluded 
that reaction temperature does not affect the morphology 
of TiB2 particles in the Al−5Ti−1B master alloys 
prepared by “halide salt” route. 

Figure 3(a) shows the SEM image of sample S3. 
The distribution and morphologies of TiB2 are diverse. 
Some of TiB2 are particle-like and dispersed in the Al 
matrix, which are similar to those in samples S1 and S2. 
Moreover, a lot of TiB2 particles connect each other to 
form chain-like structures or agglomerate together. A 
TiB2 agglomeration is magnified and analyzed by EDS, 
as shown in Figs. 3(b), (c) and (d). It can be seen that, in 
this agglomeration, the TiB2 particles closely 
agglomerate and connect each other to form a whole. In 
the center of the TiB2 agglomerations, unreacted AlB2 
particles are observed. The typical morphology of TiB2 
particles in sample S3 is shown in Fig. 4. The TiB2 
particles in sample S3 exist in the form of agglomeration 
with a size larger than 5 μm, which has been mentioned 
as dense agglomeration in some articles [15−18]. It is 
difficult for the agglomerative particles to spread in the 
Al melt during refinement. 

Figure 5 shows the SEM image of sample S4 and 

the corresponding XRD result. The master alloy mainly 
contains α(Al), TiAl3 and TiB2 phases. From the 
microstructure of the alloy shown in Fig. 5(b), it can be 
seen that TiAl3 particles show coarse stick-like 
morphology, and the distribution of TiB2 particles also 
changes with the increase of the reaction temperature. 
Particles in sample S4 are extracted for better 
observation, and Fig. 6 shows the typical morphologies 
of TiB2 particles. TiB2 particles exhibit layered stacking 
(Fig. 6(a)) and dendritic (Fig. 6(b)) morphologies, rather 
than independent hexagonal platelet or agglomeration. 
The layered stacking TiB2 particle in Fig. 6(a) is 
composed of multiple thin platelets that are smaller than 
0.1 μm in thickness. There are displacements between 
neighboring thin platelets, which helps to form a ladder 
structure along a certain direction [18]. The TiB2 particle 
in Fig. 6(b) exhibits the dendritic morphology which is 
more complex than the layered stacking morphology. It 
can be seen that each branch of the dendritic TiB2 
particles is also layered stacking structure. 

 
3.2 Discussion 

TiB2 crystallizes in a hexagonal lattice P6/mmm. It 
is characterized by alternating hexagonal layers of Ti and 
B atoms [19]. In the hexagonal structure of TiB2, {0001} 
planes share the highest surface atomic density, which 
also have the lowest surface energy and the slowest 
growth rate. Their crystal development will be limited 
and the face will be shown up at last [20]. So, the TiB2 

 

 

Fig. 3 FESEM images of sample S3 (a, b) and corresponding EDS results (c, d) 
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Fig. 4 FESEM image of TiB2 agglomeration extracted from 
sample S3 
 

 
Fig. 5 XRD pattern (a) and FESEM image (b) of sample S4 
 
particles would exhibit hexagonal morphology features. 
However, the three-dimensional morphologies of the 
TiB2 particles in samples S1, S2, S3, and S4 are not 
completely identical, as shown in the results above. It is 
thought that this difference in particle morphology is 
caused by the different reactions occurring in samples S1, 
S2, S3, and S4 due to the different forming processes. 

The formation of TiB2 particles has been studied by 
many researchers [13,16]. The possible reactions in this 
study are 
 
3K2TiF6(l)+2KBF4(l)+12Al(l) → 
 

2TiAl3(s)+TiB2(s)+5KAlF4(l)+K3AlF6(l)        (1) 
 
AlB2(s)+Ti→TiB2(s)+Al(l)                     (2) 
 
2B+Ti→TiB2(s)                              (3) 

 

 
Fig. 6 SEM images showing typical morphologies of layered 
stacking (a) and dendritic TiB2 particles (b) in sample S4 
 
where B and Ti are solutes and the AlB2(s) can be added 
by Al−B alloy or formed in the melt. 

Reaction (1) is the main reaction occurring in the 
preparation of Al−Ti−B alloy by the “halide salt” route. 
When the mixed powders of KBF4 and K2TiF6 are added 
during the preparations of S1 and S2, they float in the 
upper of the melt because of the low density. Reaction (1) 
mainly takes place in a high rate in the interface region 
between the mixed powders and the Al melt [17]. Figure 
7(a) shows the schematic illustration of the fluoride 
salt/Al interfacial reaction. It should be pointed out that 
the concentrations of B and Ti atoms in the interface 
region are relatively high, which is helpful for the 
nucleation of TiB2 particles. So, the nucleation of TiB2 is 
intensive and many particles form in a very short time 
[21]. TiB2 particles with the hexagonal morphology will 
form as a result of the reaction in the interface region, 
and fall down to the bottom of the melt when particles 
grow to some extent [22]. The growth of TiB2 particles 
will stop after the fall. So, the TiB2 particles in samples 
S1 and S2 exhibit the same morphology. It also indicates 
that the reaction temperature has little influence on the 
morphology of the TiB2 particles in reaction (1). 
However, as shown in Fig. 2, the size of TiB2 particles in 
sample S2 changes. Some TiB2 particles become more 
than 2 μm in size while others are smaller than 1 μm. 
TONG et al [23] pointed out that dissolution of second 
phase particles in a high-temperature Al melt will occur 
to a certain extent, and the small particles are more likely 
to dissolve than big particles. It means the smallest TiB2 
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Fig. 7 Schematic illustrations of fluoride salt/Al interfacial reaction (a) and formation of TiB2 particle agglomeration (b) in sample S3 
 
particles nucleated in situ-reaction process re-dissolve 
into the high-temperature melt, and the amount of solute 
B is large so that the melt may be over-saturated during 
cooling process. It is much easier for solute Ti and B to 
precipitate on the surface of nucleated TiB2 particles, 
because heterogeneous nucleation acquires less 
nucleation energy and lower undercooling. Therefore, 
the TiB2 particles can grow larger during the 
solidification process. However, with the decrease of 
temperature, mass transport is getting more and more 
difficult as a result of the decrease of diffusion 
coefficient [24]. In some zone of the low temperature 
melt where solutes Ti and B are not able to diffuse to the 
surface of nucleated TiB2 particles, they dissolve out as 
micro size TiB2 particles. As a result, the size of the TiB2 
particles in sample S2 is variable due to the dissolution 
and precipitation of some TiB2 particles at high 
temperature. 

When the Al−Ti−B alloys are prepared using 
Al−3B and Ti sponge, the reaction forms change. So, the 
morphologies of the TiB2 particles in samples S3 and S4 
also change. As shown in Fig. 4, the TiB2 particles in 
sample S3 tend to be in agglomeration. It is believed that 
the formation of TiB2 agglomeration is related to the 
formation of B-containing compound in the reaction. 
Some articles [25,26] pointed out that the solubility of B 
in Al melt is very small at 850 °C and B mainly exists in 
the form of AlB2 phase. So, it is thus proposed that TiB2 
in sample S3 forms through a reaction between solutes Ti 
and AlB2 (reaction (2)). The schematic illustration of the 
agglomeration formation is shown in Fig. 7(b) and the 
mechanism is offered as follows: when Ti sponge is 
added, it starts to dissolve in molten Al and the solute Ti 
reacts with the existing AlB2 to form the TiB2 phase by 
replacing the Al atoms in the AlB2 particles gradually. 
With the reaction process going, some TiB2 particles 
form on the surface of AlB2 particles, and they link with 

each other closely in the subsequent growth process. 
TiAl3 particles start to precipitate in the melt only when 
AlB2 fully reacts and the Ti solubility limit 
(approximately 1.0 % at about 850 °C) is exceeded. 

However, if the experiment temperature is raised to 
1200 °C, the AlB2 particles from Al−3B master alloy 
will dissolve. So, the solute Ti will preferentially react 
with B to form the TiB2 phase during the preparation of 
S4, which can be expressed by reaction (3). It should be 
pointed out that the concentration of B atoms is low 
because they have dispersed in the whole melt. Under 
such condition, the successive growth of the TiB2 
particles is easier than particle nucleation. During the 
reaction process, thin hexagonal platelets form in the 
melt firstly. With the reduction in the concentration of 
atoms B and Ti, the nucleation of TiB2 particles becomes 
more and more difficult. So, the surrounding B and Ti 
atoms will deposit on the surface of the nucleated 
particles, and new plates will form on the surface of the 
formed thin hexagonal platelets. On the other hand, some 
growth steps in TiB2 particles emerge on the {0001} 
planes, as shown in Fig. 6. The presence of these growth 
steps indicates that the two-dimensional nucleation 
growth of the {0001} planes is favorable [27, 28]. This is 
possibly attributed to the higher reaction rate and atomic 
diffusion rate when the reaction temperature increases, 
leading to a higher density of defects (such as impurities 
and dislocations) in the TiB2 crystal structure [28]. It 
implies that there will be more steps created by crystal 
defects for the growth unit to deposit on the {0001} 
planes. As a result, with the deposition of atoms B and Ti 
and the new steps generating, the TiB2 particles with 
layered stacking even dendritic structure form in the Al 
melt finally. 

The primary factor influencing the TiB2 
morphology can be ascribed to the forming process 
because it is most noticeable and easy to understand. 
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More profound investigations on the TiB2 crystal growth 
are still in progress. 
 
4 Conclusions 
 

1) The forming process has significant influence on 
the three-dimensional morphology of TiB2 particles in 
Al−Ti−B master alloys. Different preparation routes 
result in different reactions, which accounts for the 
morphology variation of TiB2 particles. 

2) TiB2 particles exhibit hexagonal platelet 
morphology and are independent with each other, when 
the master alloy is prepared using “halide salt” route. In 
addition, the reaction temperature has no influence on the 
morphology of TiB2 particles. 

3) TiB2 particles exhibit different morphologies at 
different reaction temperatures when the master alloys 
are prepared with Al−3B and Ti sponge. A kind of TiB2 

particle agglomeration forms with a size larger than 5 μm 
at 850 °C. The TiB2 particles change to layered stacking 
morphology even dendritic morphology with the reaction 
temperature reaching up to 1200 °C. 
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合成过程对 Al−Ti−B 合金中 TiB2粒子三维形貌的影响 
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摘  要：通过不同工艺制备出一系列 Al−Ti−B 中间合金，并利用相提取工艺对合金中的 TiB2 粒子进行提取和分

析。研究表明：合成过程对 TiB2粒子的三维形貌有显著的影响，不同的制备工艺会导致不同的反应路径，并最终

影响 TiB2粒子的形貌。利用氟盐法制备的 Al−Ti−B 中间合金中的 TiB2粒子呈现相互独立的六角板块状形貌，且

反应温度不会对 TiB2粒子的形貌产生影响。然而，利用 Al−3B 中间合金和海绵 Ti 制备 Al−Ti−B 中间合金时，TiB2

粒子的形貌随着反应温度的升高而发生明显变化。当反应温度为 850 °C 时，Al−Ti−B 中间合金中的 TiB2粒子以

大的聚集团形式存在，而当反应温度升高到 1200 °C 时，TiB2粒子的形貌转变为复杂的层片状和枝晶状。 

关键词：Al−Ti−B 合金；TiB2；合成过程；三维形貌 

(Edited by YANG Hua) 


