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In situ reacted TiB2-reinforced mullite 
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Department of Mechanical Engineering, National Yun-Lin Polytechnic Institute, Yun-Lin, 
Taiwan, ROC 

In situformation of TiB2 in mullite matrixthrough the reaction of TiO2, boron and carbon has 
been studied. In hot-pressed and pressureless-sintered samples, in addition to TiB2, TiC was 
also found to be dispersed phases in mullite matrix. However, in the case of pressureless- 
sintered samples, mullite/TiB2 composite with 98% relative density can be obtained through 
a preheating step held at 1300~ for longer than 3 h and then sintering at a temperature 
above 1600 ~ Hot-pressed composite containing 30 vol % TiB2 gives a flexural strength of 
427 MPa and a fracture toughness of 4.3 MPaml/2. Pressureless-sintered composite 
containing 20 vol% TiB2 gives a flexural strength of 384 MPa and a fracture toughness of 
3.87 MPaml/2. 

1. Introduction 
Mullite is an attractive material for certain structural 
applications because of its excellent creep resistance, 
low thermal expansion coefficient, better thermal 
shock resistance, and high temperature strength reten- 
tion. However, mullite suffers from low strength and 
low fracture toughness. Until now, making composites 
by adding various toughening agents such as SiC 
whiskers or zirconia particles has been the most com- 
mon way to toughen or strengthen mullite [1-4]. 

Using TiB2 particles as a dispersed phase has been 
proved effective in strengthening alumina [5, 6]. Also, 
the high hardness (~  3300 kgfmm-2)  and good ther- 
mal conductivity (30 W m -  1 ~ 1) of TiB2 make the 
AlzOs/TiB2 composite an excellent cutting tool ma- 
terial [73. Basically the A1203/TiB2 composite is not 
difficult to densify as a pressure is applied during 
sintering. The problems are the high reactivity of TiB2 
with moisture, which makes direct powder mixing 
difficult [8], and the TiB2 particles grow fairly fast 
during the sintering stage and the strengthening effect 
is obviously consequently reduced. Furthermore, the 
commercial TiB2 powder, which is available in the 
particle size range 3-14 gm, is not favourable for use 
as a starting material [8]. 

If the dispersed phase can be formed in situ in 
a ceramic matrix, the particle size can be much re- 
duced by appropriately controlling the sintering tem- 
perature and time [-9, 10]. TiB2 particles may be syn- 
thesized in situ through the reaction between TiN 
and B in a SiC matrix [11]. In the present work, we used 
in situ formation of TiB  2 in a mullite matrix through the 
reaction of TiO2, boron and carbon powders, which 
have no handling problems in a mullite matrix by hot- 
pressing or pressureless sintering. It was expected that 
the particle size of internally synthesized TiB2 particles 
would be much finer than commercial powders. In addi- 
tion to identifying the TiBz phase, the densification, 
microstructure evolution and the mechanical prOper- 
ties of this mullite/TiB2 composite were investigated. 
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2. Experimental Procedure 
The starting materials used were 3A1203 -2SIO2 pow- 
der (average particle size 0.6 gm, purity > 99%), TiO2 
powder (average particle size 1.26 gm, purity > 99%), 
boron powder (average particle size 1.3 gm) and car- 
bon powder (average particle size 0.7 gm). The start- 
ing materials were mixed in a ball mill using ethanol as 
solvent. The mix ratio for TiO2, boron and carbon 
was designed according to the stoichiometry of TiB2. 
Before sintering, the mixed powders were die-pressed 
at a pressure of 2 0 M P a  t o  form discs of 60mm 
diameter and 5 mm ~thickness. The discs were then 
placed in a graphite container and either hot-pressed 
at a pressure of 30 MPa, or pressureless sintered under 
vacuum conditions. In the case of hot-pressing (firing 
pattern A, as shown in Fig. 1A), the samples were 
preheated at 1300~ for 4 h before hot-pressing at 
1500~ for 1 h. The pressureless-sintering profiles 
(firing pattern B, Fig. 1B), were preheated at 1300 ~ 
for 0-4 h and then pressureless sintered at 1600~ 
for l h .  

The samples were examined by using X-ray diffrac- 
tometer (Philips APD170 Model) and optical micro- 
scopy after being polished with diamond paste of 
particle size down to 1 gm. Thin foils for transmission 
electron microscopy (TEM) were prepared from thin 
slices cut using a low-speed diamond saw. These slices 
were then ground to a thickness of ~ 30-80 gm. The 
final thinning was carried out by ion-beam milling 
with a 5 kV argon-ion beam incident on both surfaces 
of the foil at an angle of 12 ~ . Electron microscopy was 
performed using a scanning transmission electron 
microscope (Jeol 2000 FX). 

The phase composition of the sintered samples was 
determined by X-ray quantitative analysis and chem- 
ical analysis. The bulk density of sintered body was 
determined by Archimedes' method. The flexural 
strength, cyf, was measured by the four-point bending 
method according to the JIS 1601 standard. The 
fracture toughness, Kl~, was measured using the 
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Figure 1 (A) Firing patterns for preheating at 1300 ~ for 4 h and 
then hot-pressing at 1500 ~ for 1 h. (B) Firing patterns for preheat- 
ing at 1300 ~ for 0-4 h and then pressureless sintering at 1600 ~ 
for 1 h. 

single-edge notched beam (SENB) method. Highly 
polished specimens were cut into 3 mm x 4 mm x 
40 mm bars and these bars were centre-notched to 
one-third of their thickness using a 0.15 mm thick 
diamond blade. Both flexural strength and fracture 
toughness were measured at room temperature in 
a testing machine operated at a constant crosshead 
speed of 0.5 mm min-  1. Each data point was the aver- 
age of at least five tests. 

3. Resu l ts  a n d  d iscuss ion  
3.1.  S in te r ing  and p h a s e  ident i f ica t ion  
Fig. 2a shows the X-ray diffraction (XRD) pattern of 
the sintered body obtained by preheating at 1300 ~ 
for 4 h and then hot-pressed at 1500 ~ in argon (firing 
pattern A). Besides TiB2 and TiC, TiO2 was retained 
in the mullite matrix. However, if firing pattern A was 
adopted (but in vacuum), while only TiB2 and a trace 
amount of TiC were observed (Fig. 2b). This demon- 
strates that the TiO2 phase can be eliminated by 
sintering in vacuum atmosphere. This indicates that 
an argon atmosphere is not favourable for TiB2 
formation. If the samples were pressureless sintered at 
1600~ for 1 h in vacuum (pattern B), the XRD pat- 
tern was almost the same as that of the samples 
sintered by pattern A (in vacuum). 

From the phases identified by XRD, the chemical 
reaction may be described by the following equation 

2TiO2(s) + 5C(s) + 2B(s) -~ TiB2(s) 

+ TiC~) + 4CO(s) (1) 

In this reaction the standard free energy change, AG ~ , 
which is calculated based on JANAF thermochemical 
tables [121, is - 287.8 kJ mol-1 ,  indicating that the 
reaction is possible. However, in the case of sintering 
in argon atmosphere, the CO gas cannot be freely 
released and this inhibits the previous reaction mov- 
ing towards the right. Thus, the unreacted TiO2 will 
remain in the mullite matrix. 

3.2. Density 
The density of the sintered body was measured after 
pressureless sintering. Fig. 3 shows the dependence of 
relative density on preheating time at 1300~ for 
samples pressureless sintered at 1600~ for 1 h 
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Figure 2 X-ray diffraction (XRD) patterns of the samples hot- 
pressed by using firing pattern A. (a) In argon, (b) in vacuum. 
(m) Mullite, (O) TiB2, (11) TiC, (O) TiO2. 

in vacuum (pattern B). It is clearly seen that the 
composites containing 10 and 20 vol % TiB2 can be 
densified up to 98% theoretical density after being 
preheated at 1300 ~ for _> 3 h and then pressureless 
sintered at 1600~ for 1 h in vacuum. This indicates 
that prolonging the preheating time at 1300~ is 
crucial in the pumping out of the CO gas, because this 
gas is detrimental to densification of the composite. 
Densification of hot-pressed specimens in excess of 
99% theoretical density (TD) was achieved. 

On increasing the amount of synthesized TiB2, the 
relative densities of the composites decrease. For  in- 
stance, the composite containing 30 vol % TiB2, after 
being preheated at 1300~ for 4 h  and sintered at 
1600 ~ for 1 h in vacuum, had a relative density of 
94.5% (Fig. 3), revealing that TiB2 particles inhibit the 
densification of the composites. 

3.3. Microstructure investigation 
Fig. 4 shows the optical micrograph of the sintered 
body containing 10 vol % TiB2 which was preheated 
at 1300~ for 3 h and then pressureless sintered at 
1600~ for 1 h in vacuum. The TiB2 particles were 
well dispersed in the mullite matrix. 

Fig. 5a shows a typical transmission electron 
micrograph of the composite containing 20 vol % 
TiB2 obtained by preheating at 1300~ for 4 h and 
hot-pressing at 1500 ~ for 1 h in vacuum. It is esti- 
mated that the TiB2 particle size ranges from 
0.1-1.Tgm, much smaller than the commercially 
available powders, as was expected. A large number of 
TiB2 particles precipitated in the intragrains of the 
mullite matrix, which induced the dislocation and 
strain contour in the surrounding matrix. The intra- 
grain TiB2 particles which were enclosed in mullite 
grains are generally round and very small. Some 
TiB2 particles precipitated along the mullite grain 
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Figure 3 Relative densities of the composites as a function of pre- 
heating time at 1300~ by pressureless sintering at 1600~ for 1 h 
in vacuum (pattern B). ( I )  10 vol %, (�9 20 vol %, (X) 30 vol %. 

Figure 5 TEM micrograph of the composite containing 20 vol % 
TiB2 obtained through (a) preheating at 1300 ~ up to 4 h and then 
hot-pressing at 1500 ~ for 1 h in vacuum, (b) preheating at 1300 ~ 
for 3 h and then pressureless sintering at 1600 ~ for 1 h vacuum. 

700 

Figure 4 Optical micrograph of the composite containing 10 vol % 
TiB2 obtained through preheating at 1300~ for 3 h and then 
pressureless sintering at 1600 ~ for 1 h in vacuum. 

boundar ies .  The  in te rgra in  TiB2 par t ic les  had  a large 
mean  par t ic le  size and  sha rp -edged  grains.  In  the case 
of  mu l l i t e /20  vol % TiB2 composi te ,  which was ob-  
ta ined  t h rough  p rehea t ing  at  1300 ~ for 3 h and  then 
pressureless  s inter ing at  1600 ~ for 1 h in vacuum,  the  
par t ic le  size of  TiB2 and  the gra in  size of  mull i te  were 
la rger  than  those  ho t -p ressed  at  1500~ for 1 h, as 
shown in Fig.  5b. 

3.4. Mechanical properties 
Fig. 6 shows the flexural  s t rength  of the  compos i t e s  
t h rough  p rehea t ing  at  1300~ for 3 o r  4 h and  then 
pressureless  s inter ing at  1600 ~ for 1 h. I t  can be seen 
tha t  the f lexural  s t rength  of  the  compos i t e  con ta in ing  
20 vol  % TiB2 was up  to 384 M P a  as the p rehea t ing  
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Figure 6 Dependence of flexural strength of the composites on the 
preset TiB2 content. The composites were obtained through 
(i) preheating at 1300~ for 4 h and then hot-pressing at 1500 ~ 
for 1 h in vacuum (C)), (ii) preheating at 1300 ~ for 3 h ( . )  or 4 h 
(x) and then pressureless sintering at 1600~ for 1 h in vacuum. 

t ime was above  4 h. However ,  in the compos i t e  con-  
ta in ing 30 vol  % TiB2, the flexural  s t rength  decreased  
m a r k e d l y  which should  be due to  the  low relat ive 
dens i ty  as shown in Fig. 4. The  flexural  s t rength  of the 
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Figure 7 Fracture toughness of the composites as a function of the 
preset TiB2 content. The composites were obtained through the 
following sintering procedures: (i) preheating at 1300 ~ for 4 h and 
then hot-pressing at 1500 ~ for 1 h in vacuum (�9 (ii) preheating 
at 1300 ~ for 4 h and then sintering at 1600~ for 1 h in vacuum 
(x). 

composites through preheating at 1300 ~ for 4 h and 
then hot-pressing at 1500 ~ for 1 h is also shown in 
Fig. 6. The flexural strength of the composite contain- 
ing 30 vol % TiB2 was up to 427 MPa. 

Fig. 7 shows the fracture toughness of the com- 
posites as a function of TiB2 content. These com- 
posites were obtained through the following sintering 
procedures: 

(1) Preheating at 1300~ for 4 h and then pres- 
sureless-sintering at 1600 ~ for 1 h in vacuum. 

(2) Preheating at 1300 ~ for 4 h and then hot-press- 
ing at 1500 ~ for 1 h in vacuum. 

By using sintering procedure (2), the composite con- 
taining 30 vol % TiB2 gives a fracture toughness of 
4.3 MPam t/2, higher than the composite containing 
20 vol % TiB2 which was sintered by using procedure 
(1). The error bars in Figs 6 and 7 indicate the stan- 
dard deviation of measured values. The mechanical 
properties of the composites are superior to those of 
monolithic mullite. The typical strength and tough- 
ness of monolithic mullite were 200-240 MPa and 
2.8 MPa m 1/2, respectively [3]. 

The increase of bending strength and fracture 
toughness, caused by incorporating dispersed TiB2 
may arise by the following reasons. It is known that 
TiB 2 has a higher elastic modulus (544 GPa) and 
thermal expansion coefficient (8.1 x 10-lo K-~) than 
those of mullite (210 GPa, 5.3 x 10-lo K-a) that can 
induce the compressive residual stress-strain and dis- 
location in the mullite matrix; this was shown in 
Fig. 5. Cracks can be deflected by the interaction 
between crack and residual stress-strain or disloca- 
tion field. The toughness of composites can be en- 

hanced by this mechanism. The compressive residual 
stress in the matrix can also increase the bending 
strength of composites. In addition, cracks can be 
deflected and twisted by dispersed particles in the 
intergrain or intragrain of the matrix acting as frac- 
ture-resistant obstacles, which is often used to explain 
the higher bending strength values obtained in some 
composites r13]. 

It has been shown that the particle size of reinforce- 
ment must be larger than the critical particle size to 
induce microcracking toughness in the composites 
[14], therefore the microcracking toughening effect 
might be ruled our from the possible causes because of 
the small particle size of reinforcement in this in situ 

formed composite. The higher flexural strength and 
fracture toughness in the composites hot-pressed at 
1500 ~ for 1 h, compared with those pressureless sin- 
tered at 1600~ for 1 h, may be due to the higher 
relative density (Fig. 3). Other reasons are believed to 
be the inhibited grain growth of mullite and the lesser 
coalescence of TiB2 particles in the composites hot- 
pressed at 1500 ~ for 1 h as discussed in Section 3.3. 

4. Conclusions 
In order to obtain mullite/TiB2 composite through an 
in situ reaction between TiO2, boron and carbon, 
hot-pressing and pressureless-sintering processes have 
been studied. The conclusions are as follows 

1. In hot-pressing and pressureless sintering, in addi- 
tion to TiB2, TiC was also found to be dispersed 
phase in the mullite matrix. 

2. The average particle size 0fTiB2, obtained through 
the in-situ method, is much smaller than that of the 
starting powder. 

3. In pressureless sintering, the mullite/TiB2 com- 
posite can be successfully developed and densified 
up to 98% relative density by preheating at 1300 ~ 
for > 3 h and then sintering at 1600 ~ for 1 h in 
v a c u u m .  

4. The mullite/30vol% TiB2 composite, which 
shows the best performance in the mechanical test, 
was obtained through preheating at 1300 ~ for 4 h 
and then hot-pressing 1500 ~ for 1 h in vacuum. 
A flexural strength of 427 MPa and fracture tough- 
ness of 4.3 MPam 1/2 was observed in this hot- 
pressed composite. 

5. The composite containing 20 vol % TiB2, preheat- 
ing at 1300 ~ for 4 h and then pressureless sinter- 
ing at 1600~ for 1 h in vacuum, gives a flexural 
strength of 384 MPa and a fracture toughness of 
3.87 MPam 1/z. 
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