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Abstract: Al-3Ti-1B master alloys were prepared at different processing parameters by the reaction of halide salts, and the grain 
refining response of Al-7Si alloy was investigated with Al-3Ti-B master alloy. The microstructure of master alloy and its grain 
refining effect on Al-7Si alloy were investigated by means of OM, XRD and SEM. Experimental results show that, the size of Al3Ti 
particles presented in Al-3Ti-1B master alloys increases with the increase of reaction temperature and decreases with the increase of 
cooling rate. The grain refining efficiency of Al-3Ti-1B master alloy on Al-7Si alloy is mainly attributed to heterogeneous nucleation 
of Al3Ti particles, and the morphology of α(Al) changes from coarse dendritic to fine equiaxed. As a result, Al-3Ti-1B master alloy is 
prepared by permanent mold, and holding at 800  for 30℃  min, which has better grain refining performance on Al-7Si alloy. 
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1 Introduction 
 

The hypoeutectic Al-Si alloys are extensively used 
in the automotive and aerospace industries because of the 
excellent properties including castability, weldability, 
corrosion resistance and integrated mechanical 
properties[1]. The quality of hypoeutectic Al-Si alloys 
can be improved by grain refinement that reduces the 
size of primary α(Al) grains in the casting, which 
otherwise solidifies with coarse columnar grain 
structure[2−3]. A fine equiaxed grain structure leads to 
several benefits, such as high yield strength, high 
toughness, improved machinability and excellent deep 
drawability of the products[4−5]. 

Grain refinement can be achieved by different 
means involving fast cooling, heterogeneous nucleation, 
solute addition and melt agitation[6−7]. Al-Ti-B type 
master alloys are added to the melt in order to introduce 
potent particles, Al3Ti and TiB2, which are effective 
nucleant substrates for the primary α(Al) phase. 
Although many studies of grain refinement have been 
performed, these have mostly considered the action, 
mechanism and development of commercial grain 
refiners[8−9]. Production of Al-Ti-B master alloys 
involves reaction of halide salts with molten 
aluminum[10], equal-channel angular pressing (ECAP) 

[11] and powder metallurgy (PM)[12−13]. The addition 
of halide salts (K2TiF6-KBF4) to molten Al has become 
popular. While commercially very popular, the “halide 
salt” route suffers several drawbacks in practice[5, 14], 
and the problems are still encountered in the cast house. 
Moreover, with a high silicon content, a silicide can form 
on the TiB2 particles in place of the Al3Ti layer 
preventing or decreasing the probability of nucleation of 
aluminum grains on the particles[15]. And the Ti/B mass 
ratios of the grain refiner affect their performance in 
Al-7Si alloys, when Ti/B mass ratio is more than 3 also it 
could refine the grains but at high Ti levels[16]. 
Otherwise, the results obtained in regard to grain 
refinement with master alloys thus produced, differ 
appreciably, since their microstructure and performance 
as a grain refiner are highly sensitive to the processing 
parameters used in production[17]. The reaction 
temperature plays a critical role in the manufacturing of 
Al-Ti-C and Al-Ti-B master alloys. The size, distribution 
and morphologies of TiC are influenced mainly by the 
synthesis temperature and holding time[18]. Higher 
reaction temperature promotes the growth of the 
nucleating particles, thereby resulting in change in 
morphology[19]. 

In this work, the influence of various processing 
parameters such as reaction temperature and time, cooling 
conditions on the microstructure of the Al-3Ti-1B master  
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alloys was studied. Meantime, Al-3Ti-1B grain refining 
behavior of hypoeutectic Al-7Si alloys was investigated. 
 
2 Experimental 
 

The Al-3Ti-1B master alloys were prepared in a 
resistance furnace by the combined addition of preheated 
halide salts (K2TiF6 and KBF4) to the molten Al at 
different processing parameters. The processing 
parameters for the preparation of master alloys are 
shown in Table 1. Once the molten Al reached the 
required temperature, halide salts weighed in required 
propositions were added to the melt, and the melt was 
poured into different mold when the holding time 
reached. 

For grain refinement studies, Al-7Si alloy was 
prepared from commercial purity Al (99.7%) and 
Al-12Si master alloy. Al-7Si alloys were melted in a 15 
kW resistance furnace and the melt was held at 720 . ℃
After degassing with high purity argon gas for 30 min 
through graphite rod immersed into the melt, the 
Al-3Ti-1B master alloy chips were added to the melt for 
grain refinement. The addition level of the master alloy 
kept constant at 0.2%Ti (mass fraction). Al-3Ti-1B master 

alloys and grain refined samples were characterized by 
optical microscopy and SEM micro- analyser using 
Poulton’s reagent. Tensile test of the specimens was 
carried out on Instron1186 Testing Machine. 
 
3 Results and discussion 
 
3.1 Microstructure of Al-3Ti-1B master alloys 

The size, morphology and distribution of particles 
in Al-3Ti-1B master alloys prepared at different 
processing parameters are shown in Fig.1. Figs.1(a)−(i) 
show the microstructures of the master alloys prepared 
according to ortho-experiments in Table 1. X-ray 
 
Table 1 Factors-levels of ortho-experiments L9(34) 

Level 
Factor 

1 2 3 

Temperature(A)/℃ 760 780 800 

Holding time(B)/min 30 60 120 

Cooling condition(C)
Sand 
mold

Preheated 
permanent mold 

Permanent 
mold 

 
 

 

Fig.1 SEM morphologies of Al-3Ti-1B master alloys obtained under different experimental conditions: (a) A1, B1, C1; (b) A1, B2, C2; 
(c) A1, B3, C3; (d) A2, B1, C3; (e) A2, B2, C1; (f) A2, B3, C2; (g) A3, B1, C2; (h) A3, B2, C3; (i) A3, B3, C1 
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diffraction studies reveal the presence of Al3Ti, Ti2B and 
α(Al) phases in Al-3Ti-1B master alloys. In addition, 
Fig.1 also reveal the presence of Al3Ti particles (light 
grey phase) in Al-3Ti-1B master alloys, whereas Ti2B 
particles are invisible for the little quantity. 

The SEM studies show predominantly blocky and 
plate-like morphology of Al3Ti particles in all the master 
alloys. It is clear from Fig.1 that the sizes of Al3Ti 
particles presented in Al-3Ti-1B master alloys increase 
with the increase of reaction temperature. Such increase 
in particle sizes of the master alloys suggests that, higher 
reaction temperature promotes the growth of the particles. 
Meantime, the Ti recovery increases with the increase of 
reaction temperature. At reaction temperature of 760 ℃, 
the Ti recovery in Al-3Ti-1B master alloy is about 67%, 
while at 780 ℃ and 800 ℃ it increases to 86.5% and 
94.5%, respectively. It is apparent that the reaction 
temperature of 800 ℃ shows maximum recovery of Ti 
compared to the reaction temperatures of 760 ℃ and 780 
℃. As a result, the number of Al3Ti particles which acts 

as heterogeneous nucleating sites during solidification is 
large at the reaction temperatures of 800 ℃. 

Refined blocky morphology of the Al3Ti particles 
are observed in permanent mold with rapid cooling rate. 
However, at all holding times, the size and morphology 
of Al3Ti particles remained the same, therefore, the 
influence of holding time on the size and morphology of 
Al3Ti particles can be ignored. Moreover, a fairly 
uniform distribution of Al3Ti particles is seen in the 
master alloys prepared at 800 ℃ and clustering of the 
particles is observed in the others. 
 
3.2 Grain refining efficiency of Al-3Ti-1B master 

alloys on Al-7Si alloy 
Fig.2 represents the photomacrographs of Al-7Si 

alloy after the addition of Al-3Ti-1B master alloys 
prepared at different processing parameters. It is clear 
from Fig.2 that with the addition of 0.2% Ti, Al-7Si alloy 
shows response towards grain refinement in all 
conditions. Such structural changes could be due to the 

 

 
Fig.2 Photomacrographs of Al-7Si alloy after addition of Al-3Ti-1B master alloys obtained under different experimental conditions: 
(a) A1, B1, C1; (b) A1, B2, C2; (c) A1, B3, C3; (d) A2, B1, C3; (e) A2, B2, C1; (f) A2, B3, C2; (g) A3, B1, C2; (h) A3, B2, C3; (i) A3, B3, C1 
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presence of Al3Ti particles presented in Al-3Ti-1B master 
alloy, which acts as heterogeneous nucleating sites 
during solidification. 

From the photomacrographs in Fig.2, we could 
clearly see that Al-3Ti-1B master alloys prepared at 
higher reaction temperature show better grain refining 
efficiency compared to the one prepared at low reaction 
temperature, and Al-7Si alloy shows response towards 
grain refinement with structural transition from columnar 
to equiaxed structure in Fig.3. This difference in grain 
refining efficiency could be attributed to the size, 
morphology and distribution of Al3Ti particles presented 
in the master alloys as discussed earlier. However, the 
influences of cooling rate and holding time on the grain 
refining behavior of the master alloy can be neglected 
compared to the reaction temperature. 

With the addition of 0.2%Ti (Al-3Ti-1B) to Al-7Si 
alloy, the structure changes from elongated coarse 
columnar to fine equiaxed α(Al) dendritic structure, such 
structural conversion is due to the Al3Ti particles 
presented in Al-3Ti-1B master alloy, which acts as 

heterogeneous nucleating sites. This change in 
microstructure leads to improvement in mechanical 
properties. Table 2 shows the tensile testing results of 
Al-7Si alloys refined by different Al-3Ti-1B refiners. 
Tables 3 and 4 show the corresponding range analysis of 
the results, respectively. 
 
Table 2 Results of tensile testing 

Level  
Number

A B C  

Ultimate tensile 
strength/MPa 

Elongation/
% 

1 1 1 1  121.10 5.20 

2 1 2 2  119.02 4.78 

3 1 3 3  120.05 4.50 

4 2 1 3  125.88 5.20 

5 2 2 1  126.92 5.50 

6 2 3 2  125.23 5.11 

7 3 1 2  127.67 5.25 

8 3 2 3  127.87 5.10 

9 3 3 1  129.13 5.85  
 

 

Fig.3 SEM microphotographs of Al-7Si alloy after addition of master alloys obtained under different experimental conditions: (a) A1, 
B1, C1; (b) A1, B2, C2; (c) A1, B3, C3; (d) A2, B1, C3; (e) A2, B2, C1; (f) A2, B3, C2; (g) A3, B1, C2; (h) A3, B2, C3; (i) A3, B3, C1 
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Table 3 Range analysis of ultimate tensile strength (MPa) 

Mean value A B C 

k1 120.06 124.88 125.72 

k2 126.01 124.60 123.97 

k3 128.22 124.80 124.60 

R 8.16 0.28 1.75 

 
Table 4 Range analysis of elongation (%) 

Mean value A B C 

k1 4.83 5.22 5.52 

k2 5.27 5.13 5.05 

k3 5.40 5.15 4.93 

R 0.57 0.09 0.59 

 
It can be seen from Tables 3 and 4 that, the 

influence sequence of the processing parameters is as 
follows: reaction temperature, cooling rate and holding 
time. The ultimate tensile strength increases with the 
increase of reaction temperature, and the grain refining 
efficiency is favorable to Al-Si alloys by increasing 
cooling rate. As a result, Al-3Ti-1B master alloy that is 
prepared by permanent mold, and holding at 800  for ℃

30 min, has better grain refining efficiency on Al-7Si 
alloy. 
 
4 Conclusions 
 

1) The processing parameters play critical role in 
the manufacturing of Al-3Ti-1B master alloys and 
influence the size, morphology and distribution of Al3Ti 
particles presented in Al-3Ti-1B master alloys. The size 
of Al3Ti particles increases with the increase of reaction 
temperature and decreases with increasing cooling rate. 
However, the influence of holding time on the size and 
morphology of Al3Ti particles can be ignored. 

2) The grain refining efficiency of Al-3Ti-1B 
master alloy on Al-7Si alloy is mainly attributed to 
heterogeneous nucleation of Al3Ti particles. The size, 
morphology and distribution of Al3Ti particles strongly 
influence the grain refining behavior of the master alloy. 
As a result, Al-3Ti-1B master alloy that is prepared by 
permanent mold, and holding at 800  for 30℃  min, has 
better grain refining response in Al-7Si alloy. 
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