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In situ reacted TiB,-reinforced alumina
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In situ formation of TiB, in Al,O5; matrix through the reaction of TiO,, boron and carbon has
been studied. In hot-pressed samples, in addition to TiB,, TiC and Al,TiO were also found to
be dispersed phases in Al,O; matrix. However, in the case of pressureless-sintered samples,
pure Al,O,/TiB, composite with > 99% relative density can be obtained through a preheating
step held at 1300 °C for longer than 30 min and then sintering at a temperature above

1500 °C. Pressureless-sintered composite containing 20vol % TiB, gives a flexural strength of
580 MPa and a fracture toughness of 7.2 MPam'/2,

1. Introduction

Alumina ceramics have attracted much attention for
both electronic and structural applications; their low
fracture toughness, however, is an obstacle to be
overcome. Until now, making composites by adding
various toughening agents such as whiskers [1] or
particles [2-5] has been the most common way to
toughen or strengthen alumina.

Using TiB, particles as a dispersed phase has been
proved effective in strengthening alumina [4, 5]. Also,
the high hardness ( ~ 3300 kgf mm ~?2) and good ther-
mal conductivity (30 Wm™!°C~1) of TiB, make the
Al,O4/TiB, composite an excellent cutting tool ma-
terial [6]. Basically the Al,O;/TiB, composite is not
difficult to densify as a pressure is applied during
sintering. The problem is the high reactivity of TiB,
with moisture, which makes direct powder mixing
difficult. In the present work, we used in situ formation
of TiB, in an alumina matrix through the reaction of
TiO,, boron and carbon powders, which have no
handling problems in an alumina matrix by hot-
pressing or pressureless sintering. It was expected that
the particle size of internally synthesized TiB, par-
ticles would be much finer than commercial powders.
In addition to identifying the TiB, phase, the den-
sification, microstructure evolution and the mechan-
ical properties of this Al,O,/TiB, composite were
investigated.

2. Experimental procedure

The starting materials used were Al,O5 powder (aver-
age particle size 0.3 pm, purity > 99%), TiO, powder
(average particle size 1.26 um, purity > 99%), boron
powder (average particle size 1.3 pm) and carbon
powder (average particle size 0.7 um). The starting
materials were mixed in a ball mill using ethanol as
solvent. The mix ratio for TiO,, boron and carbon

was designed according to the stoichiometry of TiB,.
Before sintering, the mixed powders were die-pressed
at a pressure of 20 MPa to form discs of 60 mm
diameter and 5 mm thick. The discs were then placed
in a graphite container and ecither hot pressed at a
pressure of 30 MPa, or pressureless sintered under
vacuum conditions. In the case of hot pressing, two
firing patterns were used in the experiments, as shown
in Fig. 1. In pattern A, the samples were directly
heated up and hot-pressed at 1500°C for 1h. In
pattern B, the samples were preheated at 1300 °C for
4 h before hot-pressing at 1500 °C for 1 h. Fig. 2 shows
the pressureless-sintering profiles. Three firing pat-
terns, designated C, D, E, were used in the experiment.
In pattern C, the samples were directly pressureless
sintered at 1300 °C (or 1500°C) for 1 h at a heating
rate of 30°Cmin~"!. In pattern D, the samples were
preheated at 1300 °C for 30 min and were then pres-
sureless sintered at 1500 °C. In pattern E, the samples
were preheated at 1300°C for 0-4h and then pres-
sureless sintered at 1600 °C for 1 h.

The bulk density of the sintered body was deter-
mined by the Archimedes method. The samples were
examined by using X-ray diffractometer (Philips
APD170 Model) and optical microscope after being
polished with diamond paste of particle size down to
1 um. 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 ~ 60-80 um. 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 fracture toughness, K;,, was measured using
the single-edge notched beam (SENB) method. Highly
polished plates were cui into 3 mm x4 mm x 5 mm

* Also with Materials Research Laboratories, ITRI, Chutung, Hsinchu, Taiwan 31015.
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Figure 1 Firing patterns for hot-pressing in vacuum: (a) hot-
pressing at 1500 °C for 1 h, pattern A; (b) preheating at 1300 °C for
4 h and then hot-pressing at 1500°C for 1 h, pattern B.

bars and these were centre-notched to one-third of
their thickness using a 0.15 mm thick diamond blade.
The fracture strength, o, was measured by the four-
point bending method, following the JIS 1601 stand-
ard. Both flexural strength and fracture toughness
were measured at room temperature in a testing
machine operated at a constant crosshead speed of

0.5 mmmin~ ",

3. Results and discussion
3.1. Sintering and phase identification
Fig. 3a shows the X-ray diffraction (XRD) pattern of
the sintered body obtained by direct hot-pressing at
1500 °C for 1 h in vacuum without preheating (pattern
A). Besides TiB, and TiC, Al, TiO5 phase was found in
the Al,O,; matrix. If the samples were precheated at
1300 °C for 4 h and then hot pressed at 1500°C for 1 h
(pattern B, in argon), the XRD pattern was almost the
same as Fig. 3a. However, if firing pattern B was
adopted (but in vacuum), the peak intensity of TiB,
was stronger, and those of TiC and AL, TiOs were
weaker, than if sintered in argon. This indicates that
an argon atmosphere is not favourable for TiB,
formation.

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

2T102(5) + SC(S) + 2B(s) g TiBZ(s) + TIC(S)
+ 4CO, (1)

In this reaction the standard free energy change, AG®,
which is calculated based on JANAF thermochemical
tables [7], is — 287.8kJ mol™*, indicating that the
reaction is possible. However, in the case of hot-
pressing, the CO gas cannot be freely released and this
inhibits the previous reaction moving towards the
right. Thus, the unreacted TiO, will react with Al,O,
to form AL, TiO; phase [8] even at a temperature as

1500°C, 1h

1300°C, 1h
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Figure 2 Firing patterns for pressureless-sintering in vacuum; (a) sintering at 1300 or 1500°C for 1 h with a heating rate of 30°C min™",

1500°C, 1-4h

1300° C, 30 min

30°C min”!

low as 1000 °C. Therefore, hot-pressing is not favour-
able for obtaining pure Al,O,/TiB, composite.

To obtain Al,O;/TiB, composite without Al,TiO,,
pressureless sintering was adopted. Fig. 4 shows the
XRD patterns of the samples pressureless sintered
using pattern C. It can be seen that a very small
amount of AL, TiO; still appeared when the samples
were sintered at 1300 °C (Fig. 4a), while only TiB, and
a trace amount of TiC were observed when the
sintering temperature was raised to 1500 °C (Fig. 4b).
This demonstrates that the Al,TiOs phase can be
eliminated by pressureless sintering at 1500°C in
vacuum.

3.2. Density

The density of the sintered body was measured after
pressureless sintering. Fig. 5 shows the relative density
as a function of sintering time at 1500°C for the
samples pressureless sintered by using pattern D; the
relative densities of the composites increased with the
sintering time. The composites containing 10 or
20vol % TiB.,, can be densified up to 99% theoretical
density if sintering time is longer than 3 h. On increas-
ing the amount of synthesized TiB,, the relative dens-
ities of the composites decrease drastically. For in-
stance, the composite containing 30 vol % TiB, and
sintered at 1500 °C for 4h had a relative density of
only 87% (Fig. 5), revealing that TiB, particles inhibit
the densification of the composites.

Fig. 6 shows the dependence of relative density on
preheating time at 1300°C for samples pressureless
sintered at 1600 °C for 1 h (pattern E). It is clearly seen
that the composites containing 10 and 20 vol % TiB,
can be fully densified after being preheated at 1300 °C
for = 2h and then pressureless sintered at 1600 °C for
th in vacuum. It displays the same results as those
sintered at 1500°C for > 3h. This indicates that
prolonging the preheating time at 1300 °C is crucial in
the pumping out of the CO gas, because this gas is
detrimental to densification of the composite. The
final relative density of 96.3% for the composite con-
taining 30vol % TiB, can be obtained after being
preheated at 1300 °C for 4h and sintered at 1600 °C
for 1h in vacuum,

3.3. Microstructure investigation

Fig. 7 shows the optical micrograph of the sintered
body containing 20 vol % TiB, which was preheated
at 1300 °C for 30 min and then pressureless sintered

1600°C,1h

1300°C, 0-4h

30°C min”!

(e)

1

pattern C; (b) preheating at 1300 °C for 30 min and then sintering at 1500 °C for 1-4 h, pattern D; (¢) preheating at 1300 °C for 0—4 h and then

sintering at 1600 °C for 1h, pattern E.
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Figure 3 XRD patterns of the samples hot pressed using (a) firing
pattern A, (b) firing pattern B. (A) Al,O,, (0) Al,TiOs, (O) TiB,,
(M) TiC.
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Figure 4 XRD patterns of the samples pressureless sintered by using
firing pattern C at sintering temperatures: (a) 1300 °C; (b) 1500 °C.
For key, see Fig. 3.

at 1500°C for 2 and 3h in vacuum, respectively. It
appears that porosity decreases as the sintering time
increases from 2 h to 3 h, which is consistent with the
density measurements. As shown in Fig. 7b, the TiB,
particles tend to coalesce as sintering time increases.
For the specimen which was preheated at 1300 °C for
> 2h and then sintered at 1600 °C for 1 h in vacuum,
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Figure 5 Relative densities of the composites as a function of
sintering time at 1500 °C for 1-4 h on pressureless sintering (pattern
D). () 10vol %, (A) 20 vol %, (<) 30 vol %.
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Figure 6 Relative densities of the composites as a function of
preheating time at 1300 °C on pressureless sintering at 1600 °C for
1 h (pattern E). For key, see Fig. 5.

no coalescence of TiB, particles was observed, thus
the TiB, particles remained fine and well dispersed
throughout the Al,O; matrix. A representative optical
micrograph of the composite containing 10 vol %
TiB,, which was obtained through preheating at
1300 °C for 3 h and then sintering at 1600 °C for 1 h, is
shown in Fig. 8. These results indicate that the micro-
structure of Al,O;/TiB, composite can be manipu-
lated through the sintering profile. By lengthening the
preheating time and raising the sintering temperature,
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Figure 7 Optical micrograph of the composite containing 20 vol %
TiB, obtained by preheating at 1300 °C for 30 min and then pres-
sureless sintering at 1500 °C for (a) 2h, (b) 3h.

Figure 8 Optical micrograph of the composite containing 10 vol %
TiB, obtained by preheating at 1300 °C for 3 h and then pressureless
sintering at 1600 °C for 1h.

fine-grain composites with better strength and tough-
ness can be obtained.

Fig. 9a shows a typical transmission electron micro-
graph of the composite containing 20 vol % TiB,
obtained by preheating at 1300°C for 4h and pres-
sureless sintering at 1600°C for 1 h in vacuum. It is
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Figure 9 Transmission electron micrograph of the composite con-
taining 20 vol % TiB, obtained by (a) preheating at 1300 °C up to
4 h and then pressureless sintering at 1600 °C for 1 h, (b) preheating
at 1300 °C for 30 min and then pressureless sintering at 1500 °C for
4h in vacuum.

estimated that the TiB, particle size ranges from
0.2-1.6 pm, much smaller than the commercially
available powders, as expected. A large number of
TiB, particles precipitated in the intragrains of the
Al,O, matrix, which induced the dislocation and
strain contour in the surrounding matrix; some TiB,
particles precipitated along the Al,O; grain bound-
aries. In the case of Al,0;/20vol % TiB, composite,
which was obtained through preheating at 1300 °C for
30 min and then pressureless sintering at 1500 °C for
41 in vacuum, the particle size of TiB, and the grain
size of alumina were much larger than that sintered at
1600 °C for 1h, as shown in Fig. 9b. This causes the
deterioration of flexural strength as shown in Figs 10
and 11.

3.4. Mechanical properties

Fig. 10 shows the variation of flexural strength of the
composites as a function of pressureless-sintering time
and TiB, content, for which the composites were
preheated at 1300 °C for 30 min and then sintered at
1500 °C. The flexural strength of the composite con-
taining 20 vol % TiB,, sintered at 1500 °C for longer
than 3h, was up to 520 MPa. Fig. 11 shows the
flexural strength of the composites through preheating
at 1300°C for 2 or 3h and then pressureless sintering
at 1600°C for th. It can be seen that the flexural
strength of the composite containing 20 vol % TiB,
was up to 585 MPa as the preheating time was above
3h. However, in the composite containing 30 vol %
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Figure 10 Variation of flexural strength of the composite containing
() 10 and (A) 20 vol% TiB, as a function of pressureless-sintering
time. The composites were obtained through preheating at 1300°C
for 30 min and then sintering at 1500 °C for 1-4 h in vacuum.

700

800 |-

500 -

400 -

300 -

Flexural strength (MPa)

200}

100

o A 1 1
0 10 20 30 40

Preset TiB, content (vol %o)

Figure 11 Dependence of the flexural strength of the composites on
the preset TiB, content. The composites were obtained through
preheating at 1300°C for (0J) 2 or (A) 3h and then pressureless
sintering at 1600 °C for 1 h in vacuum.

TiB,, the flexural strength decreased markedly due to
the low relative density as shown in Fig. 6.

Fig. 12 shows the fracture toughness of the com-
posites as a function of TiB, content. These com-
posites were obtained through the following sintering
procedures.

(1) Preheating at 1300 °C for 30 min and then pres-
sureless sintering at 1500 °C for 4 h in vacuum.
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Figure 12 Fracture toughness of the composites as a function of the
preset TiB, content. The composites were obtained through the
following pressureless-sintering procedures: (i) preheating at
1300 °C for 30 min and then sintering at 1500 °C for 4h in vacuum
(A), (i) preheating at 1300 °C for 3h and then sintering at 1600 °C
for 1 h in vacuum ([J).

(i) Preheating at 1300°C for 3h and then pres-

sureless sintering at 1600 °C for 1h in vacuum.
By using sintering procedure (ii), the composite con-
taining 20 vol % TiB, gives a fracture toughness of
7.2 MPam'/?, slightly higher than that sintered by
using procedure (i).

The higher flexural strength and fracture toughness
in the composites sintered at 1600°C for 1h, com-
pared with those sintered at 1500 °C for 4 h, may be
due to the inhibited grain growth of Al,O; and the
less coalescence of TiB, particles, as discussed in
Section 3.3.

4. Conclusions

In order to obtain Al,O,/TiB, composite through
in situ reaction between TiO,, boron and carbon,
hot-pressing and pressureless-sintering processes have
been studied. The conclusions are as follows.

1. In hot-pressing, in addition to TiB, and TiC,
AL, TiO; was found to be the main phase in the Al,O,
matrix.

2. In pressureless sintering, the Al,O5/TiB, com-
posite can be successfully developed and densified up
to > 99% relative density through the following firing
procedures:

(i) preheating at 1300°C for 30 min and then
sintering at 1500°C for > 3h in vacuum.

(ii) Preheating at 1300°C for > 3h and then
sintering at 1600 °C for 1 h in vacuum.

3. The Al,0,;/20vol% TiB, composite, which
shows the best performance in the mechanical test,
was obtained through preheating at 1300°C for 3h
and sintering at 1600 °C for 1h in vacuum. A flexural
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strength of 580 MPa and a fracture toughness of
72 MPam'/? was observed in this pressureless-
sintered composite.
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