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TiB2/Al2O3 powder composite was synthesized via simultaneous aluminum reduction of TiO2 and 
B2O3 according to self-spreading high temperature (SHS) reaction in an oxidizing atmosphere. Using 
controlled atmosphere and high temperature is not necessary in this method. Based on the Taguchi ex-
perimental technique, various experiments were carried out and some characteristic parameters were 
determined. Due to the formation of intermolecular phases between Al2O3 and CaO which are soluble in 
HCl, CaO powder was added to the starting materials to make pure TiB2. The most appropriate powder 
was obtained from the materials of stoichiometric composition, purified with an optimum amount of HCl. 
Characteristics of the produced samples were studied with X-ray diffraction, atomic absorption spectros-
copy and particle size analysis. 
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1. Introduction 

TiB2 with a high melting point and high hardness [1, 2], relatively low density [3], 
good electrical and thermal conductivity [4], and chemical resistance [5, 6] is a suit-
able candidate for applications such as refractory materials, nozzles, light armours, 
coatings, etc. [7–11]. In this work, the method of self-spreading high temperature syn-
thesis (SHS), which is simple, low-cost, and needs no expensive facilities, was used. It 
also enables one to produce TiB2 powder at low temperatures and in very short time 
[10, 12]. In the SHS method, the material is produced by thermal energy generated 
during the chemical reaction between precursor materials. The process begins with 
external heating, and then sufficient heat is generated by the chemical reaction be-
tween raw materials [13]. The powder produced has a very fine particle size, high 
surface area, and high reactivity. The powder can be sintered at 1300–1500 ºC, while 
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the powders produced by other techniques sinter at 1800–2200 °C [10, 12]. In this 
method, besides TiB2, Al2O3 powder is also obtained as a product. Since Al2O3 is 
a material with a high melting point and high chemical resistance, its separation by 
chemical methods is difficult [14]. The addition of CaO to the precursor materials 
leads to the formation of an intermolecular phase (CaO–Al2O3–B2O3) which is soluble 
in HCl [14, 15]. The reaction between TiO2, B2O3, and Al powders is as follows: 

 3TiO2 + 3B2O3 + 10Al → 3 TiB2 + 5Al2O3  (1) 

The effects of various parameters such as time, temperature, particle size of Al, 
B2O3, and TiO2 powders, and the amount of Al and B2O3 powders on the produced 
TiB2 were studied in this work. 

2. Experimental procedures 

The characteristics of the materials used are shown in Table 1. In this experiment, raw 
materials were mixed by a vibrator (200, Octagon). Then the batches (15 g) of mixed 
powders were heated in an electric furnace at various temperatures and times. The final 
products were milled using a planetary mill (6 Pulverisette, Fritsch), to make fine powders. 

Table 1. The materials used 

Raw material Particle size [μm] Purity [%] 

Fine Al powder (F) F < 44 99 
Coarse Al powder (C) 63< C <149 99 
Fine TiO2 powder (F) F < 44 99.9 
Coarse TiO2 powder (C) 63< C <149 99.9 
Fine B2O3 powder (F) F < 44 99.9 
Coarse B2O3 powder (C) 63< C <149 99.9 
Coarse CaO powder (C) 63< C <149 99.9 

 
Using the Taguchi method, four levels and four parameters were selected  

(Table 2). In fact, before arranging the final process, eight experimental trials have 
been carried out and the effects of TiO2, B2O3, and Al particle sizes were studied. The 
final experiments were arranged basing on the calculated coefficient k and the particle 
size groups were selected; 
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where 
2100TiBI is the intensity of the peak due to TiB2, and I100 is a sum of peak intensi-

ties due to all phases existing in the sample. 
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In accordance with previous papers, four parameters (time, temperature, and the 
amounts of Al and B2O3 powders) were selected [16]. Therefore, with 5 factors and 
4 variable levels, 16 experiments were preformed according to the Taguchi experi-
mental design (Table 3). The best processing conditions have been identified from the 
experimental results (k). This experiment was repeated with CaO powder addition to 
the precursor powders (TiO2, B2O3 and Al). The effect of CaO amount on the process 
was studied with the addition of various amounts of CaO powder (stoichiometric 
amount, 20 wt. % and 30 wt. % more than stoichiometric amount). 

2. Variable levels and parameters 

Parameter  
Level 

1 2 3 4 

a) Particle size1) F. F.F F.F.C. F.C.C C.C.F 
Temperature [ºC] 950 1050 1250 1350 
Time [h] 0.5 1 1.5 2 
b) Al powder content2) 1 1.1 1.2 1.3 
b) B2O3 powder content 1 1.1 1.2 1.3 

1a) – the letters represent particle size of TiO2, B2O3 and Al powders, respectively, from left to right. 
2b) – Al and B2O3 powder contents are given based on the stoichiometric amounts ( Eq. (1)). 

Table 3. Experimental design 

No. Particle 
size 

Temperature
[ºC] 

Time 
[h] 

Al powder content 
(stoichiometric ratio) 

B2O3 powder content 
(stoichiometric ratio) K(1) 

n1 F.F.F 950 0.5 1 1 12.67 
n2 F.F.F 1050 1 1.1 1.1 23.78 
n3 F.F.F 1250 1.5 1.2 1.2 46.94 
n4 F.F.F 1350 2 1.3 1.3 2.99 
n5 F.F.C 950 1 1.2 1.3 22.05 
n6 F.F.C 1050 0.5 1.3 1.2 26.28 
n7 F.F.C 1250 2 1 1.1 7.69 
n8 F.F.C 1350 1.5 1.1 1 12.45 
n9 F.C.C 950 1.5 1.3 1.1 0 
n10 F.C.C 1050 2 1.2 1 2.15 
n11 F.C.C 1250 0.5 1.1 1.3 7.71 
n12 F.C.C 1350 1 1 1.2 0 
n13 C.C.F 950 2 1.1 1.2 18.22 
n14 C.C.F 1050 1.5 1 1.3 8.48 
n15 C.C.F 1250 1 1.3 1 37.67 
n16 C.C.F 1350 0.5 1.2 1.1 43.62 

(1)K is the average of repeated experiments 

The reaction between stoichiometric amounts of precursor materials was as fol-
lows [14, 15]: 
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 TiO2+2B2O3 +2Al+2CaO → TiB2+ 2CaO·Al2O3 ·B2O3 + O2  (2) 

The best sample (which had the highest amount of TiB2) was treated with HCl to 
wash the impurities. Three different concentrations of HCl (pH equal to 1, 2 and 3) 
were used and each sample was passed through paper. After washing it a few times 
with deionized water, it was dried for 2 h. The phases formed in the samples were 
determined by the XRD (PW 1830, Philips). The particle size of the specimens was 
measured using a laser particle size analyzer (A22, Fritsch). The chemical composition 
was characterized by the atomic absorption spectroscopy (Pye Unicam SP9, Philips). 

3. Results and discussion 

Table 4 shows the effect percentage of variable parameters on the amount of the 
TiB2 phase formed (K). These data were calculated using the Taguchi method. As is 
shown in the table, the coefficient of variation (CV) is relatively high. The most prob-
able reason for this is the heat generated in the SHS reaction. Therefore, the measure-
ment of temperature may not be accurate. 

Table 4. The effect of parameters on the K index 

Parameter Kave. 
Variance 

(S2) 
Standard 

deviation (S) 

Coefficient 
of variation 
(CV) [%] 

Effect  
percentage 

on K 

Temperature 

Level 1 13.23 39.72 6.30 48 

9.97 
Level 2 15.17 58.83 7.67 51 
Level 3 25 177.21 13.31 53 
Level 4 14.76 170.66 13.06 88 

Time 

Level 1 22.57 110.8 10.53 47 

15.14 
Level 2 20.87 103.95 10.20 49 
Level 3 16.97 182.67 13.52 80 

Level 4 7.76 23.38 4.84 62 

Al amount 

Level 1 7.20 11.95 3.46 48 

27.05 
Level 2 15.50 20.85 4.57 29 
Level 3 28.70 186.35 13.65 48 

Level 4 16.70 142.62 11.94 71 

B2O3 amount 

Level 1 16.20 97.84 9.89 61 

9.54 
Level 2 18.80 159.67 12.64 67 
Level 3 22.90 162.24 12.74 56 

Level 4 10.30 28.79 5.37 52 

Particle size 

Level 1 21.59 153.28 12.38 57 

38.30 Level 2 17.17 31.28 5.59 33 
Level 3 2.46 5.68 2.38 97 
Level 4 27 115.74 10.76 40 
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Figure 1 shows the effect of temperature on the formation of the TiB2 phase (Kave 
– average dependent variable). In this system, the boron oxide melts at 450 °C [11] 
and evaporates above 450 °C. Therefore, due to the B2O3 evaporation from the system 
at temperatures higher than 450 °C, its amount decreases upon increasing temperature 
[10, 16]. TiO2 is solid in the reaction conditions. However, Al powder melts at 660 °C 
and reduces B2O3 and TiO2. Then, boron (B) reacts with titanium (Ti) through the 
liquid–solid mechanism. At temperatures higher than 1000 °C, the gas-solid mecha-
nism is predominant, and as a result the rate of the reaction increases [11, 16, 17]. 

 

Fig. 1. Effect of temperature on TiB2 phase formation 

 

Fig. 2. Effect of time on TiB2 phase formation 

When the temperature increases, more B2O3 evaporates from the system. There-
fore, sufficient amount of boron is not available to react with the entire titanium, thus 
the amount of TiB2 decreases. It can be concluded that above 1170 °C, temperature 
has a negative effect on TiB2 formation. As can be seen in Table 4, compared to the 
other variables, the effect of temperature is not remarkable because the rate of B2O3 
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evaporation rises with the increase of temperature. Furthermore, in the SHS or ther-
mitic reactions, when temperature enhances to a specific level, they proceed independ-
ently. Therefore, heating is only needed for the initiation of the reaction [18]. 

The effect of time on the TiB2 formation is shown in Figure 2. This figure shows 
that the amount of TiB2 formed decreases with time. With time, more B2O3 evaporates 
from the system. Thermitic or SHS reactions are very fast, being accomplished in 
a very short time. In these reactions, temperature increases rapidly. Even under such 
conditions, the reaction needs some time to be completed [16, 19]. Therefore, 30 min 
was the minimum time applied. 

 

Fig. 3. Effect of Al powder content on TiB2 phase formation 

The effect of the amount of Al powder on the TiB2 formation is presented in 
Fig. 3. By increasing the amount of Al powder (above the stoichiometric amount), the 
formation of TiB2 also accelerated. This is due to the reduction mechanism of boron 
oxide and titanium oxide by the Al powder. In this mechanism, when the amount of Al 
powder increases, more B2O3 and TiO2 were reduced by the Al powder. In addition, 
increasing the Al powder amount can hinder the escape of B2O3 [10, 16]. However, if 
the amount of Al powder increases by more than a certain value, it can cause an in-
verse effect on the amount of TiB2 produced. In such a case, impurities such as Al, 
Al2O3, and compositions of Al and B are developed in the system. Compared to other 
parameters, the effect of this parameter on the TiB2 formation (27.05%) was the most 
efficient. The optimum level of aluminum is 1.19. 

Figure 4 shows the effect of B2O3 amount on the TiB2 formation. The vapour pres-
sure of boron oxide is high, thus high temperature leads to a rapid evaporation of 
B2O3. As a result, the level of boron oxide (B2O3) in the starting composition should 
be larger than its stoichiometric level [10, 16, 20–22]. Insufficient amount of boron 
oxide leads to the formation of an inadequate amount of TiB2. In this case, the unre-
acted TiO2 and Al are present in the final product. The amount of TiB2 formed was 
raised by increasing the quantity of B2O3 up to an optimum level. Above this level, the 
additional Al reacted with B. Therefore, a sufficient amount of B was not available in 
the system to react with Ti. As a result, the impurities such as TiO2 and various com-
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positions of Al and Ti formed and the amount of TiB2 decreased. So, the best level of 
B2O3 ratio was 1.12. 

 

Fig. 4. Effect of B2O3 powder amount on TiB2 formation 

The effect of particle size on the yield of TiB2 powder is illustrated in Fig. 5. As can 
be seen in this figure, group 4 of the starting materials gave the best result. It was found 
that decreasing the Al powder particle size increases the amount of TiB2 produced. There-
fore, batches containing powders with particle size characteristic of C.C.F. (coarse B2O3 
and TiO2 powders with fine Al powder) had the highest production yield. 

 

Fig. 5. Effect of particle size on TiB2 formation 

The effect of the CaO additive (according to the stoichiometric ratio, 20 wt. % and 
30 wt. % over the stoichiometric ratio) on the XRD patterns of the final product is 
shown in Fig. 6. The patterns show that TiB2, Al2O3, and CaAlB3O7 phases are present 
in each of them. It seems that the amount of amorphous phases increased with increas-
ing amount of CaO powder. Therefore, due to the addition of CaO powder, the possi-
bility of phase crystallization decreased. Furthermore, the SHS method is very fast, 
thus there is not enough time for crystallization in this technique [15]. 
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Fig. 6. XRD patterns of synthesized samples using CaO powder in: a) stoichiometric ratio,  
b) 20 wt. % above the stoichiometric ratio, and c) 30 wt. % above the stoichiometric ratio; 

é o – CaAlB3O7, Δ – Al2O3,  – TiB2 

The k index of the specimens was 53 wt. %, 50 wt. %, and 45 wt. % for the syn-
thesized powder using CaO powder in the stoichiometric ratio, and 20 wt. % and 
30 wt. %, respectively.  
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Figure 7. XRD pattern of purified sample (powder):  
a) pH = 1, b) pH = 2, c) pH = 4; o – CaAlB3O7, Δ – Al2O3,  – TiB2 



B. SHAHBAHRAMI et al. 728

Then, the samples obtained from stoichiometric amounts of precursor materials 
were treated with HCl. XRD patterns of purified specimens at various pH are pre-
sented in Fig. 7. The patterns show that after purification three phases (TiB2, Al2O3 
and CaAlB3O7) still exist in the specimens. It can be concluded that a perfect purifica-
tion is not possible by this method. However, the intensity of CaAlB3O7 peaks de-
crease in the purified samples. Simultaneously, the intensities of TiB2 peaks increase 
in the treated specimens. This was also confirmed by atomic absorption spectroscopy 
(AAS). Table 5 shows the atomic absorption spectroscopy results for the purified and 
unpurified powders. It can be seen that Ti content increases with purification and its 
maximum level was measured in the purified samples at pH = 2. It also shows that Ca 
and Al contents decrease with purification and their minimum level was obtained in 
the purified samples at pH = 2. 

Table 5. AAS of the purified and unpurified powders 

Sample Ti [wt. %] B [wt. %] Al [wt. %] Ca [wt. %] 
Unpurified 34 25 16 14 
Purified (pH = 1) 52 25 19 2 
Purified (pH = 2) 60 28 10 0.65 
Purified (pH = 4) 41 27 17 11 

 
The measured K indices of the treated and untreated specimens are presented in 

Table 6. The table shows that the K index and TiB2 wt. % increase with treatment. The 
highest K index (TiB2) was obtained for the purified sample at pH = 2. On the other 
hand, the amount of the CaAlB3O7 phase decreases with purification and reaches its 
minimum level when purified at pH = 2. It is evident that at a low concentration of 
HCl (pH = 4), the lowest amount of CaAlB3O7 impurity was eliminated. However, at a 
high concentration of HCl (pH = 1), in addition to the elimination of CaAlB3O7, 
a considerable amount of TiB2 was also washed away with HCl. Therefore, due to the 
decreasing CaAlB3O7 and TiB2 content, the content of Al2O3 increases. It can be con-
cluded that because of a high chemical resistance of Al2O3 against acids and alkalis, it 
cannot be washed out in HCl [23, 24]. The best result was obtained with a moderate 
concentration of HCl (pH = 2). Under such conditions, without the elimination of 
TiB2, a significant amount of CaAlB3O7 was removed. 

Table 6. The K index and amounts of the phases 

Sample K TiB2 [wt. %] Al2O3 [wt. %]
CaAlB3O7 

[wt. %] 
Unpurified 53 58 7 35 
Purified (pH = 1) 80 75.5 18 5 
Purified (pH = 2) 91 87 10 2 
Purified (pH = 4) 63 60 10 27 
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Fig. 8. Particle size distribution of: a) purified sample at pH = 4,  
b) purified sample at pH = 2, c) purified sample at pH = 1, d) unpurified sample 
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Figure 8 shows the particle size distribution of the purified an                                   
d unpurified samples. In these figures, the vertical axis indicates volume fractions 
percent of particle sizes, the sum of which is 100 percent. A comparison between the 
figures demonstrates that the unpurified samples (with d50 < 7.41μm) have the finest 
particle size. The purified sample at pH = 2 (with d50 < 21.76 μm) has the most coarse 
particle size. A comparison between these data and Table 6 reveals that the purifica-
tion increases the particle size. Therefore, it can be assumed that the impurities are 
smaller than TiB2 particles. 

4. Conclusions 

The optimum temperature for TiB2 powder formation was 1170 ºC. Compared to 
other methods, this is a low temperature. Beyond 30 min, the amount of TiB2 formed 
decreases upon increasing time. Increasing the B2O3 and Al amounts above their 
stoichiometric values had a significant effect on TiB2 powder formation. Particle size 
of the precursor powder had a pronounced effect on TiB2 powder formation. Fine Al 
powder plus coarse B2O3 and TiO2 powders led to the highest amount of products. 
Addition of CaO powder led to the reduction of Al2O3 and formation of CaAlB3O7, 
which is soluble in HCl. It decreased phase crystallization and caused amorphous 
powder formation. The optimum amount of CaO additive was equal to its stoichiomet-
ric level. The most suitable purification conditions were those with pH = 2, although a 
perfect elimination of impurities is not possible. A more efficient purification led to 
the production of a coarser powder. 
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