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TiB, and A1 base composite powders, 
which will offer a weight-saving im- 
provement in stiffness, were produced 
by combustion synthesis of Ti, Al, and 
B ternary powder mixtures. Finely 
dispersed TiB, was synthesized by re- 
acting a mixture of Ti, Al, and B in 
the molar ratio of I : I  :4. The grain 
size of the TiB, formed was (0.5 pm, 
which was much smaller than that ob- 
tained from the reaction of a mixture 
of Ti,  Al,  and B in the molar ratio 
I : I  :2. These results are discussed in 
light of the reaction propagating 
velocity a9d heat removal during the 
combustion synthesis process. [Key 
words: TiB,, combustion synthesis, 
powder, and aluminum.] 

ITANIUM DIBORIDE has great potential 
Tnot only as a refractory material, but 
also as an electronic material because of 
its high melting point, hardness, electrical 
conductivity, and thermal conductivity. 
For its production, an exothermic and self- 
propagating solid-state reaction (com- 
bustion synthesis) of Ti and B powder 
compacts has recently received much 
attention. The characteristics of combus- 
tion synthesis of that system have been 
investigated by several researchers. 
Combustion synthesis has two advantages: 
(1) heat generated in the exothermic reac- 
tion accelerates the process and (2) the 
resulting TiB2 is fine grained with a grain 
size smaller than that of the starting Ti 
metal. In the combustion synthesis proc- 
ess capable of producing fine-grained 
materials, the presence of a liquid phase 
during the process is expected to play an 
important role. Maksimov et a l .  have 
investigated the combustion synthesis 
of the Ti-B-Fe system. By lowering 
the melting point of the product phase, 
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Maksimov et al. obtained finely dispersed 
TiB2 (“1  pm) in an Fe matrix. 

In the present work, AI is selected 
because its molten state extends over a 
large range of temperatures (935 to 2400 K) 
and it is expected to produce a unique 
Ti-Al-B composite by combustion syn- 
thesis. Using a mixture of A1+2B, it 
should be possible to synthesize A1B2. 
However, the heat of reaction of Al+2B= 
A1B2 (66.9 kJ) is much smaller than that 
of Ti+2B=TiB2 (323.8 kJ), and it is 
expected that the same would be the case 
regarding their standard free energy of 
formation. Thus, in the mixture of Ti+ 
Al+2B, it is expected that TiB2 will form 
and not AIB2. However, in using a mix- 
ture of Ti+A1+4B, AlB2 and TiB2 could 
be synthesized simultaneously, by using 
heat evolved from the Ti+2B reaction. 

To investigate the effect of A1 addi- 
tion on the reaction of Ti and B mixtures, 
combustion synthesis has been performed 
for the Ti+A1+2B and Ti+A1+4B sys- 
tems as well as for the Ti+2B and Ti+4B 
powders. 

EXPERIMENTAL PROCEDURE 
T h e  s ta r t ing  m i x t u r e s  were  T i  

(-50 pm), amorphous B (-0. 1 pm), and 
A1 (=lo0 pm) powders. The composi- 
tions of the powder mixture investigated 
in the present work are listed in Table I. 
The initial powders were mixed in a ball 
mill for several hours. Each powder mixture 
was mechanically pressed into a cylindrical 
sample 25 mm in diameter and 50 mm in 
height, with a green density of about 50% 
of theoretical. Then, the test sample was 
placed in a closed chamber, which was first 

evacuated and then filled with Ar gas at 
atmospheric pressure. The test sample was 
ignited at one end by using an electrically 
heated W wire (0.5 mm in diameter). The 
combustion velocity was measured by the 
conventional m e t h ~ d , ~  using two alumel- 
chrome1 thermocouples 30 mm apart on 
the sidewall of sample. 

Microstructures of the fractured sur- 
face of the end products were observed by 
scanning electron microscopy (SEM). The 
phases formed were analyzed by X-ray 
powder diffraction (XRD). 

RESULTS AND DISCUSSION 
Figure 1 shows XRD patterns of the 

end products synthesized from the specific 
composition mixtures given in Table I .  
The products synthesized from both Ti+ 
A1+2B and Ti+AI+4B systems were 
composed of TiB2 and At, and those from 
the Ti+2B and Ti+4B systems were com- 
posed of TiB2. Since the analysis by a wet 
technique indicated that the element com- 
positions of each product were almost the 
same as those for the starting powders, it 
appears that any dispersion or evaporation 
of starting powders did not occur during 
the combustion propagation process. 
Excess B in the Ti+4B and Ti+A1+4B 
systems could not be identified by the 
present XRD technique. Zavitsanos and 
Moms4 have studied TiBz combustion syn- 
thesis using a mixture containing Ti+2B 
with 20 wt% of Al. The added A1 was 
observed to be completely vaporized by 
the “self-purification” of the combustion 
synthesis, and the final product was TiBz 
only. However, the present results show 
that A1 also remained in the product, and 

Table I .  
Experimental Results Obtained in the Present Work 

Composition of Starting Powder Mixtures and 

Mole ratio of powder mixture 
Tad 

No. Ti Al B iK) (m&s) 

1 1 0 2 3203 80-90* 
2 1 1 2 2333 51 
3 1 0 4 245 3 41 
4 1 1 4 2139 21 
*Extrapolated value from the data obtained by the reactions of Ti+ZB powders 

with adding A1 or B from 0.5 to 3 in molar ratios.6 (The direct data obtained with 
T i i 2 B  were distributed from 34 to 149 m/s because of the excessiveness of reac- 
tion with amorphous 9.) 
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Fig. 2. 
from the ternary mixture of Ti+AI+4B (bar=l pm).  

SEM photograph of the fractured surface of the product obtained 
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Fig. 1. XRD patterns of products with various 
compositions of starting powder mixtures: 
(A) Ti+2B, (B) Ti+A1+2B, (C) Ti+4B, and 
(D) Ti+A1+4B. 

the loss of reactant element was negligibly 
small, contrary to previous results. Since 
Zavitsanos and Morris performed the 
reaction in a vacuum, the vaporized A1 
dispersed and did not remain in the product. 

As shown in Table I ,  the adiabatic 
maximum temperature (Tad) calculated 
from the data of reaction heat was varied 

by adding A1 andlor B, and the combustion 
velocity (v,) decreased with increasing 
amount of A1 or B added to the Ti+2B. 
This means that excess A1 or B should 
hinder the propagation of combustion and 
should also act as a diluent, which de- 
creases the temperature of the combustion 
front. The combustion velocity of the sys- 

Fig. 3 .  SEM photograph of the fractured surface of the present products: (A) Ti+2B, (B) Ti+A1+2B, (C) Ti+4B, and (D) Ti+Al+4B (bar=5 pm). 
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tems tested in the present work consider- 
ably increases with the increase of the 
relative density of the reactant mixture in 
the region from 40% to 60%.6 In the case 
of an aluminothermic reaction, the disper- 
sion of the gaseous phase plays a predomi- 
nant role in combustion propagation, and, 
therefore, the combustion velocity de- 
creases with increasing relative density.’ 
In view of this difference in the depend- 
ence of combustion velocity on the rela- 
tive density of the sample, the combustion 
propagation in the present reaction should 
be affected not by the gaseous phase, but 
by the amount of heat generated at the 
combustion front and the preheated zone 
width in the front. 

Figure 2 shows an SEM photograph 
of a fractured surface of the product syn- 
thesized from the reactant composition of 
the Ti+AI+4B mixture. As can be seen 
from Fig. 2, the grain size was 4 5  pm, 
and the particulates were finely dispersed. 
Similar observation was also made by 
Brupbacher et al. in their experimental 
work on ceramic-metal composite forma- 
tion by heating Ti-AI-B powder mixtures 
in a furnace. However, these authors did 
not discuss any effect of the composition 
of A1 and B . Addition of A1 or B to Ti + 2B 
powders did not significantly change the 
particle size from that synthesized from 
Ti+2B, which was about 5 pm,  as shown 
in Fig. 3. Since the starting Ti powder 
was about 50 p m  in size, the size of the 
TiB2 produced was about one-tenth of that 
of the starting Ti.’ This may be due to the 

partial melting of Ti behind the combus- 
tion front, resulting in the increase of 
nucleation rate. Addition of A1+2B to 
Ti+2B did not lead to the formation of 
AlB2 in the final product, but a drastic 
reduction in the particle size of TiB2 
formed was noted. Since such a reduction 
in particle size was not observed with the 
addition of A1 or B to Ti+2B, the addition 
of both A1 and B must affect the nucle- 
ation and growth of produced TiB2 in the 
process. As a preliminary result of com- 
bustion synthesis in the Ti+2B+A1B2 sys- 
tem, a reduction of particle size similar to 
that of the Ti+A1+4B system was ob- 
served, and the product was also com- 
posed of TiB, and A1.6 Considering these 
results, it is estimated that, in the case of 
Ti +A1 +4B, AlB2 would be produced dur- 
ing the process of combustion propaga- 
tion, which would then decompose at high 
temperature, resulting in lowering the 
temperature behind the combustion front. 
The net effect is that TiB2 particles cannot 
grow, unlike in other situations studied. 

Detailed investigation of the decom- 
position of AIB, showed that A1B2 decom- 
posed into AIBI2 and A1 at 1200 K ,  and 
the AlB12 further decomposed into con- 
stituent elements at 2300 K.9 Therefore, 
considering this decomposition of AIB2 
at high temperatures, it is reasonable to 
suppose that the final products are TiB2 
and A1 even if AIBz is produced initially. 

CONCLUSION 
Finely dispersed TiB2 and A1 com- 

posite powders were produced by combus- 
tion synthesis of the ternary reactant 
system of Ti+A1+4B powder mixture. 
Although the process details are not com- 
pletely clear at the present time, the 
formation and decomposition of AlB2 
during the process should play an impor- 
tant role in the fine dispersion of the TiB2 
product. 
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Mullite-Sic-whisker composites were 
prepared by powder processing using 
two commercial S i c  whiskers. These 
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composites were prepared by sinter- 
ing rather than hot-pressing. A mullite- 
Sic-powder composite and a base line 
mullite material were also prepared 
for comparison with the two whisker 
composite materials. Fracture tough- 
ness measurements showed significant 
enhancement in only one of the whisker 
composite materials.  The micro- 
structure of the four materials was 
examined by scanning electron micros- 
copy and transmission electron mi- 
croscopy to assist in the explanation 

of the mechanical behavior of these 
composites. The examinations sug- 
gested that most of the toughening re- 
sults f rom second-phase particles, 
with only limited toughening from ef- 
fects associated with whiskers per se. 
In one case, higher toughness was 
partially associated with the forma- 
tion of a sialon phase by reaction with 
the whiskers and the furnace environ- 
ment. [Key words: mullite, silicon 
carbide, composites, whiskers, me- 
chanical properties.] 




