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bstract

he nano-sized titanium diboride particles were synthesized by carbothermal reduction process. In this study, carbothermal reduction process
as used by controlling reaction rate and duration time. TiO2, B2O3 and carbon resin were used as starting materials with a molar composition;
iO :B O :C = 1:2:5. The mixture was placed in a graphite crucible and pushed into a heating zone maintained at 1500 ◦C and Ar was flown for a
2 2 3

eriod of 20 min. After reaction, the crucible was pulled out from the heating zone to cooling zone of the furnace for the rapid cooling. The average
article size of the agglomerated product was found to be ∼500 nm, which was composed with small primary particles of <100 nm in size. After
illing, the large agglomerate was reduced to primary particles.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Titanium diboride (TiB2) has attracted great interest in
xcellent mechanical properties, chemical resistance and
ood thermal and electrical conductivities. So it is widely
pplied as cutting tool composites, wear resistant parts, metal
elting crucibles and electrode materials.1–4 TiB2 has a HCP

tructure with lattice parameters of a = 3.03034, c = 3.22953
nd c/a = 1.066.5,6 Several methods have been utilized in the
ynthesis of TiB2 materials. A number of processes exist for
ynthesizing TiB2 powder such as direction reaction of Ti and
,7 metal-thermal reduction,8 arc-plasma method9,10 and gas-
hase combustion (flame) method.11 Normally, TiB2 powder
s commercially produced by reduction of titanium oxide with
ither boron oxide and carbon or an alkali metal and boron
xide.15–17 Among above mentioned processing techniques,
he carbothermal reduction process is commercially used by far
he cheapest because of inexpensive raw materials and simple
rocess. Also for each mole of TiB2 produced, the process
enerates CO gas which will release energy when burnt with
xygen.
Generally, carbothermal reduction process has a strong
xothermic reaction and requires long reaction periods, during
hich the grain growth of TiB2 particles and bonding of the
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ndividual particulate was occurred.12–15,18 The present study
escribes the production of ultrafine sized TiB2 particles by
arbothermal reduction which was used by controlling reaction
peed and time, using the mixtures prepared from TiO2, B2O3
nd carbon.

. Experimental

Fig. 1 shows the TiO2 particles (P25, Degussa Co., Germany)
sed as a titanium source. The average size and specific surface
rea of the TiO2 powder was 20–30 nm and 50 ± 15 m2 g−1,
espectively. TiO2, B2O3 (>99.9%, High Purity Chemicals,
apan) and carbon resin (Kangnam Chemical, Korea) were
ixed at a molar composition ratios of TiO2:B2O3:C = 1:2:5.
hese powders were mixed using planetary ball mill for 2 h in
ngineering plastic jar with acetone. After milling, the slurry
as dried in a rotary evaporator at 70 ◦C and granulated using
00-mesh sieve. The mixture was fired at 500 ◦C for 60 min in an
rgon atmosphere for burn out of resin. The mixture was placed
n a graphite crucible and pushed into heating zone maintained
t 1500 ◦C and Ar was flown. After reaction, the product was
ulled out from the heating zone to cooling zone of the furnace
or the rapid cooling. The temperature of cooling zone was main-
ained at 150 ◦C when the reaction temperature was 1500 ◦C and

he moving rate of the crucible to heating or cooling zone was
pproximately 2 min.

After synthesis, the products was milled by planetary mill for
period of 12 h in an engineering plastic jar with methanol to

mailto:kimdj@skku.ac.kr
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at 1500 ◦C for 15 min were TiB2 and TiC as determined by
XRD technique. Finally, the formation of TiB2 was complete
at 1500 ◦C for 20 min under flowing argon atmosphere. The
Fig. 1. SEM image of the TiO2 particles.

rush of the agglomerated particles and to remove the unreacted
oron oxides.13

X-ray diffraction (XRD, Regaku) was performed to iden-
ify the phase of product particles. The average particle size
as measured by laser particle size analyzer (PSD, Master-

izer Microplus, Malvern Instrument Ltd.) and morphology
as observed by environmental scanning electron microscopy

ESEM, XL30, Philps). The structure of the particles was deter-
ined by analyzing the high-resolution transmission electron
icroscopy (HRTEM, JEM-3011, JEOL) and X-ray photoelec-

ron spectroscopy spectrum (XPS, ESCA2000, VG Microtech
td.). Oxygen and carbon contents of the products were analyzed
y infrared detection in a NO and CS determinator (NO900 and
S2000, Eltra Gmbh.), respectively.

. Results and discussion

In the carbothermal synthesis of TiB2 from a mixture of
iO2, B2O3 and carbon, solid–solid reactions are involved.
iC was rapidly formed by the reaction of TiO2 and carbon,
hich then was changed to TiB2 by the reaction with B2O3 and

arbon.13–15,19,20

iO2(s) + B2O3(s) + 5C(s) → TiB2(s) + 5CO(g) (1)

The overall reaction of carbothermal reduction of TiO2 to
iB2 proceeded as described by the reaction shown as Eq. (1),
hich consists of the following Eqs. (2) and (3), respectively:

iO2(s) + 3C(s) → TiC(s) + 2CO(g) (2)

iC(s) + B2O3(l) + 2C(s) → TiB2(s) + 3CO(g) (3)

Fig. 2 shows the XRD patterns of the product particles reacted
rom the mixture by carbothermal reduction with rapid heating
nd cooling at 1500 ◦C for various time under flowing argon
tmosphere. In the figure, Ti3O5 peaks were observed with sub-

equent disappearance of TiO2 peaks, after firing for 3 min. And
here after, Ti3O5 peaks rapidly disappeared and those due to
iC peaks emerged until 10 min, after the beginning of the fir-

ng. The TiB2 peaks were gradually appeared at temperature
F
r

ig. 2. XRD patterns of the products formed by carbothermal reduction with
apid heating and cooling at 1500 ◦C for various time.

f 1500 ◦C for 15 min. The phases in the powder produced
ig. 3. ESEM image of the product formed by carbothermal reduction with
apid cooling (a) and without rapid cooling (b) at 1500 ◦C for 20 min.
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Fig. 4. Morphology of the synthesized TiB2 particles formed by carbothermal
reduction with rapid heating and cooling at 1500 ◦C for 20 min after milling for
12 h.

Fig. 5. TEM micrograph of the synthesized TiB2 particles formed by carboth-
ermal reduction with rapid heating and cooling at 1500 ◦C for 20 min.
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resent result shows that the carbothermal reduction of TiO2
o TiB2 proceeded through TiC as stated in Eqs. (2) and (3).

Fig. 3 shows the morphology of the synthesized TiB2 par-
icles formed by carbothermal reduction with rapid cooling (a)
nd without rapid cooling (b) at 1500 ◦C for 20 min under flow-
ng argon atmosphere. The rate of heating and cooling was
0 ◦C/min in the carbothermal reduction without rapid cooling.
n the rapid cooling reduction, the average size of the agglom-
rated product was found to be 500 nm. The agglomerates were
omposed of small primary particles ∼100 nm in size. However,
t was found that formation of TiB2 by carbothermal reduction
ithout rapid cooling had a hexagonal platelet morphology with

ayer parallel to the (0 0 1) basal plane. These microstructure
evealed that TiB2 crystals are likely to grow by condensation of
he vapor phase. It is well known that in some crystals deposited
rom the vapor phase, thin plates are often formed, and it is prob-
ble that these are separated by faulted layer.21 The particles had
rown ∼2 �m in diameter. Grain growth occurred mainly along
he basal plane direction.
Fig. 4 shows the morphology of the product particles
fter planetary milling for a period of 12 h which formed
y carbothermal reduction with rapid heating and cooling at
500 ◦C for 20 min under flowing argon atmosphere, the large

ig. 6. XPS spectra of the synthesized TiB2 particles formed by carbothermal
eduction with rapid heating and cooling at 1500 ◦C for 20 min (a) and milling
ith methanol for 12 h (b).
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ig. 7. Particle size distribution of the synthesized TiB2 particles formed by
arbothermal reduction with rapid heating and cooling at 1500 ◦C for 20 min
fter milling for 12 h.

gglomerate was reduced to fine particles with dimension of
0 nm.

Fig. 5 shows the TEM micrograph of synthesized TiB2 par-
icles formed carbothermal reduction with a rapid heating and
ooling at 1500 ◦C for 20 min. From HRTEM image (Fig. 5(b)),
t appears that the synthesized TiB2 particles were covered with
xide amorphous layer. The amorphous layer of synthesized
iB2 particles was determined by XPS. Fig. 6 shows the XPS
pectra for the TiB2 particles. From the O 1s spectra of the TiB2
articles in Fig. 6(a), it can be seen that the synthesized TiB2
articles gives two peaks, which are assigned to the TiO2 and
2O3 species at surface. However, after planetary milling with
ethanol for 12 h, B2O3 peak was almost disappeared as shown

n Fig. 6(b).
The average particle size of the synthesized TiB2 particles

ormed by carbothermal reduction with rapid heating and cool-
ng at 1500 ◦C for 20 min was 80 nm which was measured by
SD (Fig. 7). And the residual carbon and oxide content in the
roduct were 10.3% and 7.0%, respectively.

. Conclusions

Nano TiB2 powders were synthesized successfully by car-
othermal reduction with rapid heating and cooling from the
ixture with TiO2, B2O3 and carbon resin. The carbothermal

eduction of TiO2 to TiB2 proceeded two step through TiC.
hen the mixture was reacted at 1500 ◦C for 20 min under Ar-

tmosphere conditions with rapid heating and cooling, ultra fine
iB2 particles were completely synthesized. The large agglom-
rated TiB2 particles were reduced to fine particles by planetary
illing for 12 h. The average particle size of the synthesized
iB2 particles was found to be 80 nm.
cknowledgement
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